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Quantum spin field effect transistor
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We propose, theoretically, a type of quantum field effect transistor that operates purely on the flow of spin
current in the absence of charge current. This spin field effect tran$®&T) is constructed without mag-
netic material, but with the help of a spin flip mechanism provided by a rotating external magnetic field. The
SFET generates eonstantinstantaneous spin current that is sensitively controllable by a gate voltage as well
as by the frequency and strength of the rotating field. The characteristics of a carbon nanotube based SFET is
provided as an example.
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One of the most important possibilities of  Consider a three-probe nonmagnetic device shown in the
nanoelectronicsis the hope of using spin—in addition to left inset of Fig. 1 which consists of a scattering region
charge—for nonlinear electronic device applicatiéi®o far, ~Ohmic-contacted by two leads, while a third lead is a metal-
progress has been achieved in several areas of spintronitie gate capacitively coupled to the scattering region. Here
such as the applications of giant magnetoresistive effgm, We used a section of an armchair carbon nanotube as the
understanding of material properties  of magneticscattering region, but in general it can be a quantum dot, a
semiconductoré the improvements of spin injection across a duantum well, or other mesoscopic conductors. The system
magnetic-nonmagnetic interfateand optical manipulation ¢an be 2l or 3d. The Hamiltonian of this SFET isi(=1)
of spin degrees of freedofnOn the other hand, despite the
fact that it is already more than ten years since the proposal = > &CtooCraot > [e+aBgcoshld; d,

of field effect transistoFET) operation on spin-polarized ko,a=L,R

charge current, the spin-FEISFET) has been an elusive

system up to now. The overwhelming majority of actual +H )+ D [ToCrnods+c.Cl 1)
k,o,a=L,R

spintronics devices and proposals up to now are hybrid sys-
tems 'WhICh mvo!ve both .magneyc and .nonmagnetlcwhereH,(t) is the off diagonal partin spin spacgof the
materials? Due to differences in chemical bonding and struc-yamiltonian

tural properties, these hybrid materials are rather challenging

to use. Thig, together with se_ve_ral other physical factors re- H(t)= y[exp(—iwt)dT+dL+exp(iwt)dde], 2
lated to spin transport, has limited a rapid development of
nonlinear spintronic devices such as the SFET. with y=B, sin . Here, the first term stands for noninteract-

In this paper, we take a different direction by theoreticallying electrons in the leads wi@},,, the creation operators in
examining the possibility of SFET operation without involv-
ing magnetic materials, and we exploit such a SFET which ~ 00009 ' T ' ' '
operates purely ospin current This SFET turns out to be \
realizable—as we predict, in quantum coherent nanostruc
tures, in the presence of a rotating external magnetic field.
Importantly, the rotating field inducestiene-independendc £
spin current, and at the same time generates no charge cus
rent. The magnitude of the spin current is critically tunable g
by a gate voltage so that SFET operation is achieved. The” 0.0003
physical principle of our SFET is due to a spin flip mecha-
nism provided by the field. Because no magnetic material is
involved in our SFET, any problem that relates to spin injec- L
tion across a magnetic-nonmagnetic interface is bypassec O e P
Moreover, because there is no charge current involved, ou I T
SFET will be less affected by problems of heat dissipation. gate voltage
Since many nanostructures, such as a carbon nanotube, haver|G. 1. The pumped spin curremt vs the gate voltage for
long spin coherent lengttfspur proposed quantum SFET ifferenty= 0.3 (solid line), 0.5 (dotted ling, and 1.0(dashed ling
should be experimentally realizable. To provide a concreteeft inset: schematic plot of a nanotube SFET device. Right inset:
numerical example, we predict the transport characteristicghe working principle of SFET. The energy unit in the calculation is
of an all-nanotube based SFET. 0.035 meV.
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lead @. We have set the same chemical potential for bothwideband limit so that™ is independent of energy. In E),
leads because a rotating magnetic field will generate a dquantity A=dH’/dt whereH' is the 2x2 matrix in spin
spin current without needing a bias voltage. Note that despace given by Eq2):

charge and spin currents can also be produced without bias .
using a device called a “quantum parametric pump” where ) 0 ye et
two time-dependent external parameters are cyclically varied H'= yelot 0

in time with a definite phase differenée!! The second term

and H'(t) correspond to the Hamiltonian of the scattering Using Egs.(3), (5), and (4), the instantaneous electric

region which is subjected to a rotating magnetic fiBit)  cyrrent is found to béFermi energy and temperature are set
=Bg[ sinfcoswti+sinfsinwtj + cosf k] where B, is the g zerg

constant field strength. It is crucial that we use a rotating

®

field (not an oscillating fieldl For example, a counterclock- 2
wise rotating field allows a spin-down electron to absorb a dQu =— dQu, = olly ) (6)
photon and flip to spin-up, and it does not allow a spin-up dt dt (27m|ere2— 2%

electron to absorb a photon and flip to spin-down. This is i , i _
crucial for the operation of a SFE{®ee below Here, for ~1h€ Spin current is defined asi€1) Is=(I;—1))/(29)
simplicity, we have assumeB(t) #0 only inside the scatter- —dQi/d¥/q, and the electric current=1,+1,=0. The
ing region. This is, however, not a strict condition: as long ag®Ysics Of this result is depicted in the right inset of Fig. 1.
B(t)#0 within the spin coherence length and diminishesPU€ t0 Zeeman splitting, the energy leveis split into e,
outside this length scale, the SFET will work. The scattering~ €~ Bo €00 and &, =e+B, cosé. A spin-down electron
region is characterized by an energy level e,— gV, which can t.unnel intoe, from the left Iea_d, and due to the rotating
can be controlled by the gate voltayg (left inset of Fig. . field it absorbsa photon and transits to the level where its

We have only included the coupling between a magnetiGPIn is flipped. This spin-up electron then tunnels out of the
field and the spin degrees of freedom. It is, however, nopcattering region with certain probabilities to the left and

difficult to confirm that the orbital degrees of freedom do not"ght leads. Exactly the same happens to spin-down electrons
contribute to the current in the presence of a time varyind" the right lead, and the average outcome is that there is a
magnetic field for the model above. This is because, in th&Pin-up electron flowing away from the scattering region.

presence of our magnetic field, the hopping matrix element NiS way, with spin-down electrons flowing toward the scat-
between sites andj, t;, in the tight binding description, tering region and an equal number of spin-up electrons flow-

will be modified by a phase factor ebig;] with ¢, ing away from it[see Eq.(6)], _a_spin current is establi_shed
=A-(ri—1;). But ¢; due to our rotating magnetic field in without charge current. An ongmqlly spin-up electron in the
the x-y plane is simply zero, therefore the orbital parameterlead.may. alsp enter thg scattering region, but due to the
tj; is not affected by the rotating field. If we allo®(t) to rotat|0.n direction qu(t), it can onlyemita photo_n and 90
extend into the leadéut still within the coherence length ~ doWn in energy. Since the levels belaw are all filled, this
some orbital effect may occur but we do not consider thig?r0cess practically does not occur so that incoming spin-up
situation in the present work. The third term in E@) de- electrons do not contribute to spin current. If the rotation
notes coupling between the scattering region and teadth dir_ection and Z component ®i(t) are reversed, the flow of
coupling matrix element$,, . In the following we solve the splnhcurrent. will alsq reverse. he adiabati ime is ob
transport propertiescharge and spin currentsf the model _T € maximum fp'n current T t_e a '_a atic regime Is ob-
in both adiabatic and nonadiabatic regimes using the starfdined by setting/=/2 andI', = y=1'/2; we have

dard Keldysh nonequilibrium Green's functioNEGH

techniquet®13 T I'4/4 7
Adiabatic regime For this regimew is small, and the STUAT AT 0

charge with spinr transported from lead per unit time is

given by This line shape—involving the fourth power of the relevant

guantities, is ideal for SFET operatioh;, is sensitive to the
dE energy level position which is controlled by the gate voltage.
dQM(t)/dt:qf —(— e[, G (HAGA1)],,, (3 For instance, at resonanee=0 the spin current reaches its
2m maximum valuew/4sr. However, where is varied byV, to
10(I'/+/2), the spin current is reduced by a factor of'10
whereG'(t), G¥(t) are the retarded and advanced Green'ssincel=s/r, with 7=2m/w being the period of the rotat-

functions. In the adiabatic limit, ing magnetic field, we therefore conclude that, at resonance,
the SFET outputs exactly one spin through the left or right
1[E—e, vye ot lead in one field rotation. This quantization of the spin is
G'(t)= _( o ) (4)  substantially easier to realize than that of the chirtfén a
Z\ e E-e parametric charge pump. If there is only one lead connected

to the scattering region, the spin current is given by &9.
where z=(E—e€;)(E—e€,)—y?, €1,=€*Bycosd—il/2, multiplied by a factor of 2: in this case the SFET can be
andI'=3 T, is the linewidth function. We will apply the viewed as a nonmagnetic version of spin battéry.
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Nonadiabatic regimeThe electric and spin current be- E
yond the adiabatic approximation can be calculated exactly I =—d =— J >, LB —F(E-)]
using NEGF. It is convenient to define the particle current
operator in spin space: y2|G?§(E)|2|G?i(E_)|2

: (10)

1= y*GY(E)GT|(E-)|?

Jovor=—12 [TkaCruodor — T d5Croor]. (8
“oe Ek [TkaCutaobor ~ Tkally Chao] ® and J.; =0, whereE_=E—w. This result allows us to

A A conclude that the charge current is still identically zero while

Then the electric current operatorlig,=q=,J, ,, and the  the spin current is given by

spin current operator ilssa=2m,,ja,,mrsw, wheres= o/2.

From this we compute particle current lsi=Jdurik, 1D
which is independent of time. These qualitative features are
Jaoo (=(Jy vor (1)) the same as those of the adiabatic limit discussed above.

However, the nonadiabatic resylEq. (10)] involves pro-
_ < % A< cesses with energieds*+ w, as shown by the arguments of
B Ek [TkaGao kao (6D ~ TkaCraor,a0(LD] - (9) the Green’s functions. This indicates that in the general nona-
diabatic situation, mangingle photon processes are partici-
where the NEGFs are defined agsjmkw,(t,t’) pating the operation of the SFET device. Furthermore, other
=i(C} L (1)dy(1)),  Grp gur (L) =i{d 5 (1) Cran (D)) spin-independent scattering processes can be easily included
They “re calculated g; ’the Keldygh equatiog< N the result Eq(10): they only modify the Green’s function

Or
—G'3 <G® in standard fashiol?® Therefore, the transport Coo -

problem is reduced to the calculation of the retarded Green's 'Nanotube SFETWe now apply the general principle dis-
function G"_,(t.,t"). cussed above to®,5 armchair single wall carbon nanotube

| | turbation th . ded t | i (CNT) with 200 unit cells which is contacted by two leads
h general, a perturbation theory IS needed o solve aimeg gated by a thirdeft inset of Fig. 3. For simplicity, the

dependent problem. Fortunately, for the time-depende NT is modeled with the nearest-neighberorbital tight-

Hamiltonian considered her&,,,,(t,t') can be solvedx- binding model with bond potential,,,= —2.75 eV for the
actly as follows. It is simple to obtain the retarded Green'scarhon atoms. This model is known to give a reasonable,
function for the diagonal patin spin spackof Hamiltonian  gyalitative description of the electronic and transport proper-

(D) ties of carbon nanotubé&.Using Eq.(10) the spin current
_ , flowing out of the CNT SFET in the adiabatic regime can be
e lalt-t) 0 written asl = (w/47)T, where
GU(t—t")=—io(t—t") , .
0 e*lez(tft) 2 2
Iy
. I . T= : (12
The full Green’s function of Hamiltonial) is then calcu- (€2+T?%14— 5?)2+T2472

lated by the Dyson equation in spin space, ) , .
Clearly, if y<I'/2, there is only one peak withi<1. If y

>TI"/2, there are two peaks with=1. It is interesting to
G’(t,t’)=G°'(t—t’)+J dt, GO (t—t ) H' (t,) G (t,—t) note that Eq(12) has the form as that of Andreev reflection
coefficient in the presence of superconducting leatb
T system.'® Figure 1 shows the spin currehtversus the gate
voltageV for different y with »=0.01 (corresponds to 86
whereH’ is given by Eq.(5). After applying the double-time MHz in our unity and #=88°. Herey=0.1 corresponds to
Fourier transform, the Dyson equation can be summed up=0.06 Tesla. Very similar results are obtained for other
exactly to obtain the exact Green’s function of mo@bl The SFET operation is clearly sedn:increases from prac-
tically zero to large values under the control\gf. Figure 2
278(E—E")GY (E) displays the spin current versus frequency using the nonadia-
<A, batic result Eq.(10), with #=50°, y=0.5, andV,=0.0.
1-’9(E) Finally the inset of Fig. 2 depicts spin current as a function
of 6 with »=0.01, y=0.5, andVy=0.0. The spin current is
yg(E) rather substantial for a wide range of angles. These numeri-
— cal results were obtained at zero temperature limit. The tem-
1-y9(E) perature scale is set by the linewidth paraméter herefore,
_ _ if one wishes to achieve the maximum spin current, one sets
where Q(E)EGgr,;(E)G(@),%(E+ ow), o=—o0, and o T'=vy [Eq. (7)], and with '=0.035 meV the temperature

Gl (E,E)=

G (E,E")=278E+ow—E)

=(71])==1. scale is 0.42 K which is achievable. A largEr allows a
Using these relations, it is straightforward to obtain thehigher temperature scale, although makihg y will reduce
particle current from Eq(9), the value of spin current.
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0.05 L ' L nism by the external field. Because spin current can be de-
tected using an idea proposed by Hirétlihe rotating fre-

, quency of the field needs not to be large, and the device
structure is quite typical, we believe the SFET should be
experimentally realizable. Finally, we briefly comment that
the physical mechanism of our SFET can be viewed from
another line of thought. As pointed out in Ref. 11, igq@an-

] tum parametric charge pumphe pumped charge per cycle
is related to the Berry’s pha$é.This argument can also

] be generalized to the case of spin current discussed here.
T2 8 4 In fact, using the spinof‘l’}z(zi), with s;; the scattering

angle

0.00 - : matrix, the output charge can be obtaitieidlom the defini-

00 02 04 06 08 10 12 14 16 18 20 tion of Berry’s phase 7=f67(t)dt where ;(t)
frequency =i(P[R(t)]|PT[R(t)]), R(t) labels the slowly varying sys-
FIG. 2. I vs frequency. Inset vs the angle. tem parameters, andis the period of variation. Note that in
the case of charge pumping(t) corresponds to the instan-

In summary, we have demonstrated that a rotating magt_aneous pumped charge. Settiig,=0 in Eq.(1), itis easy

netic field induces a spin current without a charge current, if® Verify that ¥(t) (instantaneous phasé independent of
coherent quantum conductors without needing magnetic md!me:

terial. The spin current is critically tunable through the con-  We gratefully acknowledge support by a RGC grant from
trol of a resonance level in the system by an external gatéhe SAR Government of Hong Kong under Grant No. HKU
voltage, thereby generating a field effect transistor operatioriz091/01P and from NSERC of Canada and FCAR of Quebec
The physics behind this phenomenon is the spin-flip mechaH.G).
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