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Arecursive Green'’s function technique is developed to calculate the spin-dependent conductance in
mesoscopic structures. Using this technique, we study the spin-dependent electronic transport of
gquantum point contacts in the presence of the Rashba spin—orbit interaction. We observed that some
oscillations in the “quantized” conductance are induced by the spin—orbit interaction, and suggest
that the oscillations may stem from the spin—orbit coupling associated multiple reflections. It is also
indicated that the 0.7 structure of the conductance observed in mesoscopic experiments would not
arise from the spin—orbit interaction. @002 American Institute of Physics.
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I. INTRODUCTION the Fermi energy in the absence of magnetic fieldAis
=2ake (with @ as a SO coupling constant akgd as the
The interaction between the electron spin and its orbitaFermi wave vector which is about 1.6-5.0 meV in typical
motion, commonly referred to as the spin—or80) inter-  semiconductor materiafS.
action or SO coupling, has been known for a long time.  On the other hand, the observation of the univéfsal
Recently the effect of SO interaction on mesoscopic transand the nonuniversél quantizations of the conductance in a
port phenomena and the quantum Hall effect has attracteguasi-1D constrication is also remarkable. In a clean
growing interest® Although the interaction magnitude is quasi-1D constrication, if the mean free path is much longer
small compared to the Fermi energy, it may have significanthan the effective channel length, the conductance is quan-
impact on electronic transport, particularly in mesoscopidtized in unit of 25, with Go=e?/h at zero magnetic field,
systems where quantum interference is extremely importanteferred to as the universal quantization, where the factor of
Using the transfer matrix method, Medt all showed that 2 arises from the electron spin degener{’;ﬂ:&?_ Recently,
the SO interaction in one-dimensiondD) noninteracting  Thomas and co-workers found that, in addition to the above
disordered rings induces an effective spin-dependent magmantized conductance plateau, there is also a structure at
netic flux, and then any spin-dependent transport quantity.7(2G,). This so-called 0.7 structut@onuniversal or frac-
can be expressed in terms of the same quantity in the absengenal conductance quantizatiprappears to be related to
of the SO scattering but with an effective magnetic flux. Thespontaneous lifting of spin degeneracy in the 1D constrica-
adiabatic Berry phase induced by the SO interaction and it§on, but the origin of it remains as an open quesﬁ‘bﬁjnce
effect on the electronic transport were studied extensively byhe 0.7 structure may be understood as a zero-field spin split-
Losset al.? Aronov and Lyanda-GelléY.Persistent currents ting with an estimated energy df~1 meV* which is of
in mesoscopic rings induced by the SO interaction was adthe same order as the spin splitting energy induced by the SO
dressed in Ref. 4. Promisingly, as observed by Morpurganteraction, it is nature to ask an important question: Is the
et al,® the geometric phase induced by the SO interattion  spin polarization induced by the SO coupling responsible for
could induce the splitting of the main peak in the ensemblahe 0.7 structure? To answer this question, we study the ef-
average Fourier spectrum. Also interestingly, lifting of thefect of SO interaction on the electronic transport through
spin degeneracy by the Rashba SO interaltioas reported  gquantum point contact€QPQ in this paper. We find that the
experimentally in two-dimension&®D) electron systems for 0.7 structure is unlikely to stem from the SO interaction.
different semiconductor structurésLommeret al. pointed  However, some interesting oscillations in the quantized con-
out that the Rashba mechanism becomes dominant in a nafuctance may be induced by the SO interaction, and may be
row gap semiconductor systeftiThe spin splitting energy at - experimentally observable. Moreover, the spin-dependent
transport properties are of current interest in both fundamen-

aAuthor to whom correspondence should be addressed; electronic maifd! Physics and applied spin electronics. |'F is quite intriguing
zwang@hkucc.hku.hk to develop a method to calculate the spin-dependent trans-
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II. MODEL AND CALCULATION METHOD
A. 2D tight-binding Hamiltonian with the Rashba SO

] M .
> coupling
Ty In a magnetic field, the 2D Hamiltonian for electrajo$
R, 3 effective massn* and chargee) with the Rashba SO inter-
g .
< > action reads:
<
: 1 2 2
. : IIs+11 o
ideal lead ideal lead X y ~ ~
H= W—’_ g(UxHy_O’ny)
FIG. 1. Schematic diagram of the system. Electrons are injected from the
left lead. gug—~
+UxY)— - 0B, (1)

port in mesoscopic systems. Also in this paper, generalizing ¥herell=p— (e/c) A is the canonical momenturt(x,y)
method established for spin-independent cisésve have represents the spin-independent poten#alis the electro-
done such a job. It is worth pointing out that another theoMa@gnetic gauge potential witB=V XA relating it to the
retical approacH may be generalized to calculate the spin-magnetic fields, and, ug, ¢ are theg factor, Bohr magne-
dependent conductance. ton, and Pauli matrices respectively. is the Rashba SO
The paper is organized as follows. In Sec. Il A, we de-interaction constant which is determined from an effective
rive the 2D tight-binding Hamiltonian with the Rashba SO electric field along the direction given by the form of the
coupling. In Sec. IIB, the recursive Green’s function tech-confining potential in the absence of an inversion center.
nique is presented to calculate the spin-dependent transmislow we choose a discrete square lattice, on which points are
sion coefficient. In Sec. Ill the conductance is calculated nulocated ax=na andy=ma, with n andm as integers and
merically in a model QPC in the presence of SO couplingas the lattice constant. In terms of the quaternion, the one-
and/or magnetic field. The finite temperature effect is alseelectron tight-binding Hamiltonian with the Rashba SO cou-

studied. This paper ends with a brief summary. pling can now be parameterized as
H=2, ennnm)(nml =2 (Vamn-imlnm)(n—1m|+Vomanlnmynm=1]+H.C.), (2

where|nm) is a two-component orthonormal set in the lat- similar to Eq. (2). For a homogeneous magnetic fieli
tice sites (,m); €= (Unmt4t) o—iy7rs with U,,=U(X  =(0, 0, B) perpendicular to the 2D plaffd=(—yB, 0, 0
=nay=ma), t=h%2m*a®  y=gugB, 2, Vimn-im in the Landau gaudewe can write the Hamiltonian for the
=V, exp(—ieAa/h) andV,mnm-1=V, exp(—ieAa/h) with  shadowed central zone as

Vy=trg—a'r,, Vy=try+a’'r anda’=a/2a. The quater-

nion basis{7;} is defined by the X2 unit matrix 7, and 7 N N—1

=—ioy (1=1,2,3) withg, as the Pauli matrice#, or A, is H. = MH.-(nl+ mH n+1l+H.C
evaluated at the middle point between sitesnf) and ( ¢ nzl M) Ha(nl nzl [ImHnpe € +H.C.L,
+1,m) or (n,m+1). ()
B. Model and the recursive Green's function where|n) is the set of M ket vectors belonging to theth
technique cell. and

To describe spin-dependent transport properties through

a specific mesoscopic structure, we consider a 2D structure 6 —v*t 0 0
composed of three different regiofBig. 1). The shadowed nt Y N
central zone is a mesoscopic structure where the SO coupling -Vy €2 -V, -0
and/or a homogeneous perpendicular magnetic field are Ho=H,,= 0 -V, €n3 A
present. To simplify scattering boundary conditions, we as- . . .
sume that the structure is connected to both sides with semi-
infinite ideal leads without SO interaction and magnetic field. 0 0 0 - enm
In our lattice model atoms are at the sites of a square lattice
(na, ma) (with a to be set equal to unim=1,2;--,M). in _ _\yta—i2mBlp- (M+1)/2]
(Hn,n+1) p' = Ve 5Pp’

the shadowed zone and two ideal leads. As a result the sys-
tem is described by a one-electron tight-binding Hamiltonian (p,p'=1,--,M). (5)
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Here 8=Ba?/ ¢, with ¢,=hc/e as the magnetic flux quan- [ 09 ¢
tum. The forms of Hamiltonian for the two ideal leads are the
same as Eq(3), but with different summing regions—(
<n<1 at the left lead andN<n<« at the right leagland
different values of the parameters/,=V,=t7, €y
=4try, B=0. Moreover, it seems acceptable to assume thez
the coupling between the ideal leads and the mesoscop;
structure takes simply the foridg ;=Hy y+1= —t3ppr .
Following the recursive Green’s function technique de-
veloped for some spin-independent systém$:;**we may
generalize the method to the nontrivial spin-dependent case

The spin-dependent transmissi’dﬁ’ for the incident chan-
nel (I,0) and out-going channej{c") can be found readily
(see the Appendjx At a finite temperaturdl, the conduc-
tance through a 2D mesoscopic structure is given by th
Landauer-Btiker formula®

G=-G, 2, lefw’de (6) 00 02 0.4 06 08 1.0

o JE '

Vo (E)

where Tﬁo = |tﬁo |2 1S daejp,med from I_Eq'(A3)’ and FIG. 2. The conductancé versus the saddle enerd (in unit of E;) in
f(E,T)=[1+expE—E)/kgT] " is the Fermi—Dirac distri- e presence of SO interaction f@r=ksT=0, E;=1.21, w,=3w,. The
bution function withkg as the Boltzmann constant. Obvi- inset shows an enlargement of the curve around the arrow.
ously, Eq.(6) reduces toG=GOE{|J-,W,}T|‘JT°' at zero tem-
perature.

In the following, we focus on a QPC structure with the
Buttiker saddle-point potential

Conductance G (2

lj,o0’

conductance electrons would be broken. Whether the quan-
tization of the conductance is affected by the SO interaction

Unm=Vo— 2m* w2a?[n—(N+1)/2]2 in a meaningful sense?
* Figure 2 shows the conductanGeas a function otV
+ Im* wf/az[m—(M +1)/2]2, (7)  for the SO parameters’ =0, 0.005, 0.01, and 0.015. Other

o . i . b parameters ar&;=1.21, w,=3w,. Two effects of the SO
Wh'_Ch is a practical candidate to descnbe areal G @y interaction on the conductance are se@nThe SO interac-
indicate the strength of the lateral confinement. Note that thg, induces some oscillations on the plateaus, and the stron-
well-pronounced quantized plateaus occu = w, . ger the SO-interaction is the larger the oscillation amplitude

Before the end of this section, it is worth pointing out js Remarkably, some sharp dips exist on the oscillation for
that the recursive Green’s function method described in thig,e strong SO coupling, for example, the height of dip is

sect.ion can be straightforyvardlly genera_lized to_ 3D Mes0Szimost A5, for a’~0.015. (i) A tiny plateau exists near
copic structures, and thus is qu[te useful in studylng the SPiNg 7(2G,) for a weak SO interactiom~0.005 (we will ad-
dependent transport _of many different mesoscopic etructure@ress the temperature effect on this tine plateau)laBart it
which are of current interest, sucn as the devices with quansecomes a sharp dip for the strong SO interactiee the
tum Hall effect, giant magnetoresistance, tunnel magnetorgpset of Fig. 2. The conductance oscillations as well as the

sistence. sharp dips in the plateaus may be observable in future me-
soscopic experiments.
We now attempt to understand the above numerical re-
sults heuristically. The conductance oscillations appear to
We now calculate numerically the conductance of thestem from the multiple reflections with the SO coupling. By
QPC in the presence of SO interaction and/or a magneti&aking into account the mU|t|p|e reﬂections, the conductance
field. We here present the results for the systenMof7,  Of the QPC may be rewritten &s
N=152 andt=1.

IIl. NUMERICAL RESULTS

A. The effects of SO interaction G-G,> (1-Rj,)?
045 1-2R;, cog2k;,L,) +R?,’

()
It is well known that the conductance through QPC is lo

qguantized with the unit of @, as a function of the saddle

energyVy. The conductance quantization is well explainedwhere the reflection probability;, for channel (,o) is

by Landauer—Btiiker formula of quantum ballistic trans- given by

port: for a nonmagnetic QPC, the spin-up and spin-down

electrons make the same contribution and then the unit of the

conductance quantization iSG3. However, if the Rashba R

SO interaction is present in the QPC, the spin degeneracy of

: (€)
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with ij (vf(,) as the value of velocity in the leadscattering certain temperature regions, the oscillation induced by the

zong. vf :ancglﬁak is determined by the dispersion rela- SO-interaction disappears when the temperature increases,

Jo

tion for the electron states in the QPC, which is approxi-meanwhile the quality of the quantized plateaus is improved.

mately written as However the quantized plateaus are destroyed when tem-
e 2 perature increases further. The mechanism for the destruction
Ej~hkj/2m* +(j - 12)fiwy+Vq (10) of the quantized plateaus by the finite temperature is energy

averaging®> Secondly, the tine plateau and the dip near

0.7(2G,) are destroyed by energy averaging before the inte-

ger plateaus disappear. However the 0.7 structure observed
E}:U_,\N,ﬁzkaalzm* +aalki,|+(j—1Dhw,+V,,  (12) by Thomaset al. is still observable even at a temperature

when all the integer quantized plateaus disapptahis ob-

in the presence of SO coupling. Here we only consider theious different temperature effect on the quantization con-

energy spectrum at=0 since the transport properties for the ductance suggests that the 0.7 structure should not stem from

Buttiker saddle-point potential depend mainly on the narrow-the SO-interaction. Finally, the quantized plateaus disappear

est part. Note that the quantized plateaus are wellatkgT~0.1 fora’=0.005, while the plateaus is still obvious

pronounced in the absence of the SO coupliag shown in  at this temperature far’ =0.01 (the plateau disappears at a

Fig. 2 sincevj°=h2kj/m*~u}' and thusR; for a propagat-  higher temperaturkgT~0.12).

ing model in the Bttiker saddle-point potential is negligible.

However, the additionaR;, may be induced from the SO B, The effects of magnetic fields

coupling because as seen from ELjl) vjco in the presence of . ) .

SO coupling is different from that in the absence of SO cou- e now discuss the effect of a perpendicular magnetic

pling. Therefore, the oscillations may stem from the SO coufield on the conductance quantization: the Zeeman effect and

pling since Eq(8) predicts the transmission oscillations, pro- the Peierls pha;e factor. _In many thec_)retipa}l calculations, the
vided thatR;, induced by the SO coupling are not too Z_eeman effectis gsually ignored for simplicity. Here we con-
small2® Moreover, we can understand from E¢8) and (9) sider both the Peierls phr_:lse and the Zeeman effect. Figures
that a dip in the conductance may appear for a relatively@ and 3b) show ,the field-dependent conductance as a
larger R;, when an electron in the channdl,¢) is in a function of Vq for a_=_0, 0.01, respecnvel_y. From Flg_. 5_,
propagating statek(,>0) with vj°0~0. It is interesting to one of the characteristic featur_es of QPCsina ma\_gnenc field
note from Eq(11) thats® =0 forT<J-=m* /%2, which cor- is that conductance steps begin to appear at odd integer mul-

C c . tiples of Gy at 8=0.09, due to the lifting of the spin degen-
responds the minimum dj, as a function of momentum. eracy by the Zeeman effect. Another feature is that the width

WhenV, varies in the scale of magnitudeak;, v/~0 for ¢ e plateaus is widened when compared tohe0 case.

the samevj-channel as in the absence of SO coupling. Thisop, the other hand, the number of effective subbands is de-

clearly shows that a largeR;, may appear in a narrow re-  creased when the magnetic field is applied, and actually it is

gion in the presence of the SO coupling, leading to a d'pproportional to 18.12 Moreover, Fig. %) shows that the

Our numerical results in Fig. 2 agree qualitatively with the yqqijiation as well as the sharp dips are destroyed at high

above arguments. . . _ fields. Thus the quality of the quantization is improved when
We now look into whether the interesting behaviors seenpe magnetic field is applied. Certainly, the effect of the SO

in Fig. 2 are sensitive to the set of parameters. First, we plgteraction is suppressed by a high magnetic field.
Figs. 3a) and 3b) for two other differentw, /v, (the other

parameters are the same as those in BigTRe plateaus are
not well pronounced forw,=1.50, even if a'=0 [Fig.
3(@)]. In this case, the SO-induced oscillations are not so The SO interaction is equivalent to a momentum-
distinctive with the conductance curve for =0, but the = dependent effective magnetic fietd* However, comparing
sharp dips still appear in the conductance. bp= 6w, [Fig.  with a genuine magnetic field, there exist some essential dif-
3(b)], the width of the plateaus is widened. Comparing theferences in the energy spectra of electrons induced by an
results in Figs. 2, @), and 3b), we found that the well- effective field or a genuine fieldhat induce several signifi-
pronounced plateaus occur for larger ratip/w,, which is  cant different effects on the conductance. Firstly, spin split
due to the Bttiker saddle-point potential. We also noticed energyA induced by the SO interaction #=0| is zero,
that the effects induced by the SO coupling are similar towhile the spectrum induced by a genuine field is determined
those in Fig. 2. Second, we plot FiggcBand 3d) for two by the nonzero Zeeman energyB,. This is the reason the
other different Fermi energieshe other parameters are the conductance steps do not appear at odd integer multiples of
same as those in Fig.).2It is seen that the main effects G in the presence of SO interaction but do in a zero mag-
induced by the SO coupling are still similar to those in Fig.netic field, noting the appearance of this kind of quantized
2. Therefore, we may conclude that the essential feature irplateaus is the essential feature induced by a genuine field.
duced by the SO coupling in Fig. 2 is not quite sensitive toSecondly, in the presence of SO coupling, there exist bumps
the Fermi energy and the ratio ef,/w,, but is indeed sen- (a nonmonotonic portionin the spectrum as a function of
sitive to the SO coupling parameter . transverse momentum, while the spectrum is a monotonous
The temperature dependence of the conductance asfanction of the momentum in the presence of a genuine mag-
function of Vy can be seen from Figs(&@ and 4b). First, in  netic field. Therefore, the reflections at the scattering region

(independent o) in the absence of the SO coupliffgbut
as

IV. CONCLUSIONS AND DISCUSSIONS
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in the presence of SO coupling may induce by the negativ@ling may be experimentally observable, depending crucially
velocity fork>0.2 It provides us another way to understand on the value ofx’.
the transmission oscillations. Finally, the SO interaction can  Finally, we wish to make a few remarks on why the
remove the spin degeneracy in the band structure but coul8O-induced effects on the quantized conductance have not
not lead to an overall spin polarizatidrConsequently, the been observed in experiments so far. First, the experimental
0.7 structure is unlikely induced by the SO interaction. Onobservation on the SO-induced phenomenon would crucially
the other hand, the results addressed in the presence of matgpend on the value @i’, but o’ in some typical semicon-
netic field may be restricted within weak field since the non-ductor systems may be relatively small based on the above
interacting electron model used in the recursive Green'stimation. Thus it is helpful to increase the coupling coeffi-
function is invalid in a very strong magnetic field. cient in experiments. As indicated by Heida al,'® two

We are now concerned with the possible experimentamethods may be used to increase the coefficieim meso-
test of the above SO-induced properties. In unittofa’ scopic experiments: one is to increase the electron demgity
=m* aa/f?, which is estimated to be (0.54.4)x10 3for  in QPC sincex is proportional tang; and the other is to vary
some typical semiconductoréHere we choose the param- the gate bias that controls the magnitude of the SO interac-
eters of InAs, where a~0.608 nm, a~(1.0~10.0) tion. On the other hand, a larger effective mass of charge
X 1071% ev cm, andm* ~0.067m, with m, as the mass of a carriers would also be helpful for observing the SO-induced
free electrort®) Thus the oscillations induced by SO cou- oscillations in experiments. Second, the SO coupling in the
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by iteration starting frong®=Gg o= (E—H,) %, whereH,
=Ho—tF(oy), H=H, (1sIsN), Hyy;=Hy:

, , —tF (oo With oy, (0o,) as the spin state of the incident
where tﬁ"g (I’ﬁ’a) is the tl’ansmissior(reﬂectior‘) ampli— (Outgoing electrons, and

tudes for the incident channel,¢) and out-going channel

M gne= 2 77 €9y (A2)
jo’

(j.0"), and the wave functionspy, are given by ¢y, Mo
= ¢y, ® () with F(o)=2, e[Q;®4(a7)]. (A7)
¢ 2 / in) i M It is worth pointing out that each element of Green’s function
K=\ sin , o0 ,Sin o, Sine——| |
: M+117 M +1 M+1 M+1 in the above recursion formula is given by a quaternion num-
and ber in the presence of the SO interaction or the Zeeman
L 0 effect?® In the numerical calculations @y, 1 pand® (o) in
X(+)=( ) X(—)=( ) Eq. (A3), we have used explicitly the multiplication table for
0 1 quaternion number.

Here the signT, denotes the transposition of matrix. The
number of open channels and the valu&pére determined
by the Fermi energy from the energy dispersion in ideal
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