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Rashba effect and magnetic field in semiconductor quantum wires
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We investigate the influence of a perpendicular magnetic field on the spectral and spin properties of a
ballistic quasi-one-dimensional electron system with Rashba effect. The magnetic field strongly alters the
spin-orbit induced modification to the subband structure when the magnetic length becomes comparable to the
lateral confinement. A subband-dependent energy splittitkg 8tis found which can be much larger than the
Zeeman splitting. This is due to the breaking of a combined spin orbital-parity symmetry.
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I. INTRODUCTION systematic insight into the effect of the SOI in quantum

The quest for a better understanding of the influence ofVirés, by using similarities to atom-light interaction
the electron spin on the charge transport in nonmagnetith quantum optics for high magnetic fields. Second, we dem-
semiconductor nanostructures has considerably attracted iRnStrate that spectral and spin properties can be systemati-
terest during recent yeatsSpin-orbit interaction(SOl) is ~ cally understood from the symmetry properties. Without
considered as a possibility to control and manipulate electromagnetic field the system has a characteristic symmetry
states via gate voltagés.This has generated considerable property—the invariance against a combined spin orbital-
research activity, both in theory and experiment, motivatedarity transformation—which is related to the presence of
by fundamental physics as well as applicational aspects. E¢he SOI. This leads to the well-known degeneracy of ener-
pecially, SOI induced by the Rashba effetin semiconduc- gies atk=0. The eigenvalue of this symmetry transformation
tor heterostructures as a consequence of the lack of structureplaces the spin quantum number. A nonzero magnetic field
inversion symmet§is important. In these two-dimensional breaks this symmetry and lifts the degeneracy. This magnetic
(2D) systems the Rashba effect leads to spin precession @ld-induced energy splitting ak=0 can become much
the propagating electrons. The possibility to manipulate thdarger than the Zeeman splitting. In addition, we show that
strength of the Rashba effect by an external gate voltage hasodifications of the one-electron spectrum due to the pres-
been demonstrated experimentdtf This is the basis of the ence of the SOI are very sensitive to weak magnetic fields.
spin dependent field-effect-transist@pinFET) earlier dis- Furthermore, we find characteristic hybridization effects in
cussed theoretically by Datta and DasNumerous theoreti- the spin density. Both results are completely general as they
cal spintronic devices have been proposed usingire related to the breaking of the combined spin-parity sym-
interferencé?® resonant tunneling/° ferromagnet- metry.
semiconductor  hybrid  structurés?*  multiterminal This general argument explains the Zeeman-type splitting
geometrie€>29and adiabatic pumpindf. Magnetic field ef- observed in recent numerical resiffts.
fects on the transport properties in 2D systems with SOI
have been investigated theoreticdly® as well as
experimentally~10:34:35 We study a ballistic quasi-1D quantum wire with SOI in a

In order to improve the efficiency of the spinFET the perpendicular magnetic field. The system is assumed to be
angular distribution of spin precessing electrons must bgenerated in a 2D electron g&2DEG) by means of a gate-
restricted!! Thus, the interplay of SOI and quantum confine-voltage induced parabolic lateral confining potential. We as-
ment in quasi-one-dimensionélD) system#-38and quan- sume that the SOI is dominated by structural inversion asym-
tum Hall edge channel$has been studied. First experimen- metry. This is a reasonable approximation for InAs based
tal results on SOI in quantum wires have been obtafled. 2DEGs!? Therefore, the SOI is modelled by the Rashba
The presence of a perpendicular magnetic field has been sugffect?® leading to the Hamiltonian
gested to relax the conditions for the external confining po- ( >

p+ —A)

Il. THE MODEL

tential for quantum point contacts. In these systems a

Zeeman-type spin splitting &=0 has been predicted from _ a e

the result)s/pof r?umer:ical %alculations when simultaneously = " oy F V() * 59ueBoz %{(p " CA> % U]Z’

SOl and a magnetic field are preséhfhe effect of an in- (1)

plane magnetic field on the electron transport in quasi-1D

systems has also been calculatéd? wherem andg are the effective mass and Landé factor of the
In this work, we investigate the effect of a perpendicularelectron, andr, is the vector of the Pauli matrices. The mag-

magnetic field on the spectral and spin properties of a ballisnetic field is parallel to the-direction(Fig. 1), and the vector

tic quantum wire with Rashba spin-orbit interaction. ThepotentialA is in the Landau gauge. Three length scales char-

results are twofold. First, we show that transforming theacterize the relative strengths in the interplay of confinement,

one-electron model to a bosonic representation yields aagnetic fieldB, and SOI,
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FIG. 1. (Color online Model of the quantum wire.
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The length scalé, corresponds to the confinement potential
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V(x)=(m/2) w3, Ig is the magnetic length witw,=eB/mc

the cyclotron frequency arldg is the length scale associated
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with the SOI. In a 2DEG the latter is connected to a spin

precession phaskd=L/l4g if the electron propagates a dis-

tancelL.

Because of the translational invariance in thdirection

the eigenfunctions can be decomposed into a plane wave ifagnetic field for Isg=l, and typical

FIG. 2. (Color online (a) Spin-orbit induced coupling of
subbands with opposite spins in a quantum wil®—d) Spectra
of a quantum wire with SOI for different strengths of perpendicular
InNAs parameters,

the longitudinal direction and a spinor which depends onlya=1.0x 107! eV m,g=-8, m=0.04m,. For strong magnetic field

on the transversal coordinate
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With this and by defining creation and annihilation operators
of a shifted harmonic oscillatog] and a,, which describe

) =:&Ye(x).
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(d) the convergence towards the Jaynes-Cummings m@dzV)

can be seerdashed, eigenenergies of JEM
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the quasi-1D subbands in the case without SOI, the transvefMo iS the bare mass of the electjon

sal wave function component satisfies

H(K) dy(X) = Ex du(X),

for k fixed with the Hamiltonian,
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This representation of the Hamiltonian corresponds to ex-
pressing the transverse wave function in terms of oscillator
eigenstates such thaﬁak gives the subband index of the
electron which propagates with longitudinal momentikn
The magnetic field leads to the lateral shift of the wave func-
tion and the renormalization of the oscillator frequeriey
Moreover, the effective mass in the kinetic energy of the
longitudinal propagation is changed. The last term in (&Y.
describes how the SOI couples the electron’s orbital degree
of freedom to its spin. Due to the operatm:;‘ and a, the
subbands corresponding to one spin branch are coupled to
the same and nearest neighboring subbands of opposite spin,
see Fig. 2a).

Formally, fork fixed Eq.(5) can be regarded as a simple
spin-boson system where the spin of the electron is coupled
to a monoenergetic boson field which represents the trans-
verse orbital subbands. This interpretation leads to an anal-
ogy to the atom-light interaction in quantum optics. There,
the quantized bosonic radiation field is coupled to a pseu-
dospin that approximates the two atomic levels between
which electric dipole transitions occur. In our model, the
roles of atomic pseudospin and light field are played by the
spin and the orbital transverse modes of the electron, respec-
tively.

Indeed, in the limit of a strong magnetic field<I,, and
klp<1 Eqg. (5) converges against the exactly integrable
Jaynes-Cummings mod&ICM),*
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11g + fect of the symmetrysxax on the transmission through sym-
" \;'§|80(a0+ *ao). (D etric four® and three-termindf devices has been studied
_ _ . _ _ previously.
This system is well known in quantum optics. Itis one of the' W recall that the orbital effect of the magnetic field leads
most swgple models to couple a boson mode and a two-leveb a twofold symmetry breaking: the breaking of the spin
systent® In the case of the quantum wire with SOI one Canparity P, lifts the k=0 degeneracyeven without the Zee-

show that ir_1 thg strong magnetic field limit the rotating-waveman effect and the breaking of time-reversal symmetry lifts
approximatiorf which leads to the JCM, becomes exact. ipo Kramers degeneracy. FB=0 we can attribute the quan-

Ttrr“sn 'T’ tl)ecaﬁjzs% anﬂBftlr? ancrinklgﬁlththe elﬁf[:trrgn\?virare r]ﬁSum numbergk,n,s) to an eigenstate whereis the subband
strongly localized near the center ot the quantu € aNGydex corresponding to the quantization of motion in

itgl;isérnossesr;sv'te'\r/i;?htgezIgoglfe'g't?gnpggtn;'rﬁlvJEhtgzll'?]'tb;ngg—direction ands=+1 is the quantum number of spin parity.
dicular magnetic field for which the formal identity to the For B#0, due to the breaking of spin parity,ands merge

JCM has been asserted previouly into a new quantum number leading to the nonconstant en-
In this context, it is important to note that the JCM is ergy splitting atk=0 which will be addressed in the next

known to exhibit Rabi oscillations in optical systems with section when treating the spectral properties.

. : . ; Al . For weak SOllso>1g) one finds in second order that the
atomic pseudospin and light field periodically exchanging_ . " N .
excitations. Recently, an experimentally feasible scheme forP'" splitting atk=0 for thenth subband is
the production of coherent oscillations in a single few- A, 1( 15 \2(Q=9x2— (Q+ x5 1
electron quantum dot with SOI has been propd%adth the 7 =0+ 5<—) ) ( )
electron’s spin and orbital angular momentum exchanging @o
excitation energy. This highlights the general usefulness of (13
mapping parabolically confined systems with SOI onto here v, .= 2 3 (1y/15)2Q"Y25 Q2] The first term is the

bosonic representation as shown in 5. Related results bare Zeeman splitting and the SOIl-induced second contribu-

have been found in a three-dimensional model in nuclea{- : - -
i : : ion has the peculiar property of being proportional to the
physics where the SOI leads to spin-orbit pendulum subband index. In addition, for weak magnetic field

49
effect. (Ip<lg) the splitting is proportionaB,
A, lo \2(1o\? 1m 1
. SYMMETRY PROPERTIES =o6-|— /| |=||{1+=—g](n+=]|. (19
hwo ISO lB 4n’]o 2

Without magnetic field it has been pointed out previously.
that one effect of SOI in 2D is that no common axis of spin
quantisation can be found, see, e.g., Ref. 38. Since the SOI
proportional to the momentum it lifts spin degeneracy only
for k#+0. From the degeneracy &=0 a binary quantum
number can be expectedBt0. It can easily be shown that
for any symmetric confinement potenth{x) =V(-x) in Eq.

This is expected because by breaking the spin parity symme-
t@/ at nonzeroB the formerly degenerate levels can be re-

| N

garded as a coupled two-level system for which it is known
that the splitting into hybridized energies is proportional to
the coupling, i.e., the magnetic fiell

(1)—which includes the 2D case fo¥=0 or symmetric IV. SPECTRAL PROPERTIES
multiterminal junction®2"—the Hamiltonian is invariant ) , )
under the unitary transformation Due to the complexity of the coupling between spin and
o subbands in Eq(5), apart from some trivial limits, no ana-
U, = €2 = iﬁxgw (12) lytic solution of the Schrodinger equation can be expected.

. We find the eigenfunctions and energies of the Hamiltonian
where P, is the inversion operator for thg&-component, by exact numerical diagonalization. Figure®)22(d) show

ﬁxf(x,y):f(—x,y)_ Thus, the observabled, p,, and |5X(,X the spectra for different strengths of magnetic field and pa-

. , - rameters  typical for  InAsa=1.0X101'eV m,
commute pairwise. Without SOR, and o, are conserved ——8, m=0.04m, We setls,=l, which corresponds to a

separately. With SOI, both operators are combined to fom\?vire width Iy~ 100 nm.

the new constant of motioRoy which is calledspin parity. For the case without magnetic field it has been asserted
When introducing a magnetic field with a nonzero perpenyyeviously that the interplay of SOI and confinement leads to
dicular component the spin parity symmetry is broken andsiyong spectral changes like nonparabolicities and anticross-
we expect the degeneracy k0 to be lifted. As a side ings whenl s, becomes comparable 3838 In Fig. 2b) we
remark, by using oscillator eigenstates and the representatiqfhg similar results in the limit of a weak magnetic field.
of eigenstates of, for the spinor, the Hamiltoniaki(k) in However, as an effect of nonvanishing magnetic field we
Eq. (5) becomes real and symmetric. We point out that in thisghserve a splitting of the formerly spin degenerate energies
choice of basis the transformatith =iP,o is a representa- atk=0. For the Zeeman effect it is expected that the corre-
tion of the time-reversal operation which fB=0 also com- sponding spin splitting is constant. In contrast, in Figs.
mutes withH. However, it does not commute wifly and no  2(b)-2(d) the splitting atk=0 depends on the subband. This
further quantum number can be derived fraip>® The ef-  additional splitting has been predicted in Sec. Ill in terms of
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(a) (b) like a small residual disorder. In a quasi-1D constriction the
o LG/ (e2/h) conductance is quantized in units n&/h wheren is the
number of transmitting channéelsin the following, we ne-
glect the influence of the geometrical shape of the constric-
tion and that for small magnetic fieldd,/Ig<<0.5 the
minima of the lowest subbands are not locate@=a0 [Fig.
2(b)]. In this simplified model we expect the conductaiie

to jump up one conductance quantum every time the Fermi
energy passes through the minimum of a subband. Thus, in
16 o o3 5 the case of spin degenerate subbart@isncreases in steps
Brl etz with heights 2?/h [triangles in Fig. 8)].

In principle, by sweeping the magnetic field the different
regimes discussed in Fig(a8 can be distinguished in the
ballistic conductance. For high magnetic field, the spin de-
generacy is broken due to the Zeeman effect. This leads to a

2
c
ot
—
'S

En(o)/ w§

FIG. 3. (Color online) (a) Magnetic field evolution of,(k=0)
for Iso=Ig in units of \e’w§+w§. Three different regimes of spin
splitting can be distinguishe@ee text Dashed lines correspond to

Zeeman split Landau levelg¢b) Simplified sketch of the ballistic S
conductance as a function of Fermi energy fts/lg)?=0 (tri- sequence of large steflsandau level separatiginterrupted

angles, (lo/lg)?=2 (crossel and Zeeman-split Landau levels b_y small steps(spin splitting [cir_cles in_Fig. Zi_{b)]. AS_ a
(circles. (Curves vertically shifted for clarity. signature of the SOI we expect increasing spin splitting for

higher Landau levels due to converging towards the JCM

a symmetry breaking effect when SOI and perpendiculafFig. 2(d)]. Decreasing the magnetic field enhances the ef-
magnetic field are simultaneously present. fects of SOI until atlg=1, subband and spin splitting are

Figure 3a) shows the eigenenergi&s(k=0) for Iso=l  comparable whereas the Zeeman effect becomes negligible
as a function of magnetic field in units of hybridized energieg crosses in Fig. ®)].
(w3+w2)Y2. Three different regimes can be distinguish@l.
For small magnetic field(ly/Iz<<1) the energy splitting
evolves from the spin degenerate césm@ngles due to the
breaking of spin parity. Although the perturbative results Eq. Not only the energy spectra of the quantum wire are

(13) cannot be applied to the casg=lo in Fig. 3@), the  gyongly affected by breaking the spin pariyo,. The latter

energy splitting at small magnetic field and the overall in-gymmetry has also profound consequences for the spin den-
creasing separation for higher subbands are reminiscent Qfty

the linear dependences onand B found in Egs.(13) and

(14). (i) Forly/lg=1, the energy splitting is comparable to Shk(X) = '/fl,k o P (15
;hueastla?gannudmi?grgp?ﬁ evltlgg alr?g ';ﬁge?hgthri?'egﬂ% ?;tghio eIuciidate this in some detail we start with considering the
new major quantum number. For higher subbands, the SOEaseB'O'

induced splitting even leads to anticrossings with neighbor-

ing subbands(iii) Finally, the convergence to the JCM im- A. Vanishing magnetic field
plies that the splittings should saturate for laBgFig. 2(d)].
The dashed lines in Fig.(8 show the energies of the spin-
split Landau levels, E /fhwy=(lo/1g)?(N+1/2)+5/2 for
lo=4lg, indicating that the SOI-induced energy splitting is
always larger than the bulk Zeeman splitting. Ijt=Ig the ,/,;ks(x) =5 %ks(- X), s=+1, (16)
SOl-induced splitting exceeds the Zeeman effect by a factor B h

of 5. This is remarkable because of the large value of thévhere s denotes the quantum number of the spin parity.
g-factor in InAs. This symmetry requires the spin density components

For our wire parameters the sweep in Figa)3corre- perpendicular to the gonfinement to be. antisymmgtric,
sponds to a magnetic fieB~0-1 T. Considering the sig- Shks®=~Sks(X), leading to vanishing spin expectation
nificant spectral changes due to breaking of spin parity ava@lues, (oy Jnis=/dxSk(x)=0. We note that using the
lg=1y(B=~70 mT) we conclude that the SOI-induced modi- o-representation for spinors even leads to zero longitudinal
fications in the wire subband structure are very sensitive tépin density $, (x)=0 because the real and symmetric
weak magnetic field§Figs. 2b) and 2c)]. This may have HamiltonianH(k) impliesreal transverse wave functions in-
consequences for spinFET designs that rely on spin polarizedependent of the spin parity. Therefore, it is sufficient to
injection from ferromagnetic leads because stray fields canonsider thex- andz-components of the spin, only.
be expected to alter the transmission probabilities of the in- For zero magnetic field, it has been pointed out that for
terface region. large k the spin is approximately quantized in the confine-

The SOl-induced enhancement of the spin splitting shouldnent directior®® This is due to the so-callefbngitudinal-
be accessable via optical resonance or ballistic transport e80! approximatio® which becomes valid when the term
periments. The magnitude of the splitting suggests that thinear ink in the SOI[Eq. (5)] exceeds the coupling to the
effect is robust against possible experimental imperfectionseighboring subbands.

V. SPIN PROPERTIES

Without magnetic field, the spin parity is a constant of
motion. The corresponding symmetry operation Ef2)
leads to the symmetry property for the wave function,
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(@ (b) VI. CONCLUSION
! Ip =401l r Ip =100

In summary, the effect of a perpendicular magnetic field
on a ballistic quasi-1D electron system with Rashba effect is
,,,,,,,, investigated. It is shown that the spectral and spin features of
. e R (R the system for smalk are governed by a compound spin
. orbital-parity symmetry of the wire. Without magnetic field
F — (oo  —(02)o this spin parityis a characteristic property of symmetrically
gj‘; L - &’33 confined systems with Rashba effect and leads to a binary
oz [ o , qguantum number which replaces the quantum number of
-2 sz 2 -4 sz 4 spin. This symmetry is also responsible for the well-known
degeneracy fok=0 in systems with Rashba effect. A non-
FIG. 4. Expectation values of spin for the two lowest eigenstategero magnetic field breaks the spin-parity symmetry and lifts
for lso=lo. Solid, (o), dashed(o,),. (8) Weak magnetic field, the corresponding degeneracy, thus leading to a magnetic
Ig=4.01,. Hybridization of wave function ak=0 leads to finite field induced energy splitting ak=0 which can become

(‘71,2) :

(o, component(b) Strong magnetic fieldg=1.01. much larger than the Zeeman splitting. Moreover, we find
that the breaking of the symmetry leads to hybridization ef-
B. Nonvanishing magnetic field fects in the spin density.

. s . . The one-electron spectrum is shown to be very sensitive
The perpendicular magnetic field breaks spin parity and, \yeax magnetic fields. Spin-orbit interaction induced

thereby leads 1o a hybridization O.f formerly degenerate stateg,  jifications of the subband structure are strongly changed
for smallkc _In addition, the breaking qf_thg symmetry of the when the magnetic length becomes comparable to the lateral
wave function Eq.(16) leads to modifications of the spin .,ntinement of the wire. This might lead to consequences for
denS|ty: . o spinFET designs which depend on spin injection from ferro-
In_Flg. 4 the expectation value of spin is shown as amagnetic leads because of magnetic stray fields.
function of the longitudinal momentum for the two Iqwest For the example of a quantum wire, we demonstrate that
subbands. For weak magnetic figkdg. 4@)] results similar in the case of a parabolical confinement it is useful to map
to .the zero magnetic fleld.ca?§eare f(_)und. For largé t_he the underlying one-electron model onto a bosonic represen-
spinor 1S gffectwely d_esc_nbed by elgens_,tate§oqfwh|ch tation which shows for large magnetic field many similarities
concurs with the longitudinal-SOI approximation. However,; " i1a atom-light interaction in quantum optics. In Ref. 48

for k=0 the hybridization of the wave function leads to a . ing is utili i L kit Ari h
finite value of(o). This corresponds to the emergence of thet 's mapping is utilized to predict spin-orbit driven coherent

- > ) oscillations in single quantum dots.
energy splitting ak=0 in Fig. 2b) which can be regarded as
an additional effective Zeeman splitting that tilts the spin
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