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Magnetosubbands of semiconductor quantum wires with Rashba spin-orbit coupling
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We have investigated the electronic structure of Rashba spin-split quantum wires in a magnetic field. For our
numerical calculations, a harmonic confinement was assumed. We find that wire structures with several occu-
pied one-dimensional subbands still exhibit a beating pattern in the magnetoresistance. The wire width turns
out to strongly affect the magnetic field values at which nodes occur in the beating pattern. In the limit of
narrow wires, the beating pattern would vanish altogether because spin-split subbands become populated
equally.
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[. INTRODUCTION and Das However, soon it was realized that for an improved
. . . erformance of the spin transistor, a restriction to a one-
Spin-dependent transport phenomena in semiconductQfimensional channel is desirable. In addition, many concepts
structures have been studied extensively in recent years bgt spin electronic devices rely on a carrier transport restricted
cause of ;helr potentllal for future electronlp dewée‘bln' to only one dimensioRl-24
these devices the spin degree of freedom is used for infor- The effect of the Rashba spin-orbit coupling on the trans-
mation processing in addition to the electron charge. A numport in one-dimensional systems at zero magnetic field was
ber of devices have been proposed that promise higheneoretically investigated by Moroz and Barfreand Mire-
speed, lower power consumption, and a higher degree dés and Kirczenow® Experimentally it could be demon-
functionality>® Many of these structures rely on the Rashbastrated that similar to the case of a 2DEG the presence of the
effect1®1 which allows one to control the spin orientation Rashba effect leads to a characteristic beating pattern in the
by means of a gate electrode. magnetoresistancé-3° However, for narrow wires it was
The Rashba spin-orbit coupling originates from a macro-observed that the nodes in the beating pattern are shifted
scopic electric field in a semiconductor quantum well. Thewith respect to the nodes observed in the Shubnikov—de Haas
contribution of the Rashba effect to the single-electronoscillations of the corresponding two-dimensional reference
Hamiltonian of a two-dimensional electron gé¥DEG) can ~ Sample. Two mechanisms have been made out as possible
be expressed as explanations for the shift of the nodes: first, an enhanced
Rashba spin-orbit coupling, due to a modified effective elec-
tric field in the quantum well, and, second, the effect the

e . =

Hso= fez[UX (p-eA]. (1) carrier confinement potential has on the spectrum of the
magneto-subbandg:3°

We have denoted the electron momentunptand the Pauli In this paper we will demonstrate that the quantization

spin matrices bys. The magnitude of the Rashba spin-orbit due to the carrier confinement in a one-dimensional system
coupling is expressed by the coupling parametgr The with Ras_hba spin-orbit coupling result; ina m(_)d|f|cat|on of
macroscopic electric field originating from the inversion the beating pattern of the magnetorestistance, if compared to
asymmetry in the quantum well is oriented parallel to theth® case of a 2DEG. The beating pattern is deduced from
growth direction, which is taken to be thzedirection. Since numgrlcal calculation of the subband spectrum of the wire as
we will consider the more general case by including an eX_f_unctlon of the electro_n wave vector of an externgl magnetic
" field. The lateral confinement of the quantum wire is mod-
_ ) S _ eled by a parabolic potential. We will argue that for a wire
inserted into the Hamiltonian with the vector potenfladle-  strycture the number of nodes in the beating is determined by
fined byB=V X A. the strength of the confinement potential. At moderate con-
The Rashba effect is found to be most pronounced irffinement potentials with several tens of sublevels occupied,
two-dimensional electron gases comprising a low band-gapnly a few nodes are expected. If the carrier confinement is
channel layer(e.g., InAs or InGaAs The value of the sufficiently strong so that only a few subbands are occupied,
Rashba coupling parameteiy can be extracted from the the beating pattern in the magnetorestistance is even ex-
characteristic beating pattern observed in the magnetoresipected to vanish completely. This is in strong contrast to the
tance of the two-dimensional electron d&s® It could be case of a high-mobility two-dimensional electron gas where
demonstrated that by applying a voltage to a gate that covews large number of nodes is observed, with the appearance of
the 2DEG, the effective electric field in the conducting chan-the highest-order node limited by the characteristic magnetic
nel and thus the Rashba coupling parameter can beld determined from the quantum scattering titHé?3?
controlled'6-2°This property is an important prerequisite for ~ Below, we will first introduce our model describing the
the implementation of the spin transistor proposed by Datt&Rashba spin-orbit coupling in a quantum wire. In Sec. llI

ternal magnetic fieldg, the kinetic momentunp-eA was
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V(X) = 3m* w2, (4)

with the oscillator frequency given by,. For relatively nar-
row quantum wires with a surface depletion layer at the
edge, this should be a good approximatidim principle, the
lateral confining potential results in a second contribution to
the spin-orbit coupling in addition to the contribution arising
from the confining potential of the semiconductor hetero-
oF 2 1 structure. However, for the situation considered here with
. TZZ relatively wide wire structures and a weak parabolic confine-
8> | ment potential, the resulting electric field is about three
2 0 2 44 2 0 2 4 orders-of-magnitude smaller than typical electric fields in
ky by ky by asymmetric quantum welf$. This is in agreement to the es-
timates of Moroz and Barn&8who also found that for typi-
FIG. 1. (Color onling Energy dispersion of the spin-split sub- ¢5| electric fields originating from the parabolic confinement
bands aB=0 for weak spin-orbit couplingAsy/%iwy=0.01(8) and  potentials, the corresponding spin-orbit coupling parameter
for strong spin-orbit coupling foAsy/iw=1 (b). The anticrossing ;5 considerably smaller thaag. Thus for the situation ad-

between the second and third subband is marked by a circle. Thgesseq here, the spin-orbit coupling resulting from the con-
quantityby=+vZ/m* wq is the characteristic length scale of the har- fining potential can be neglected

monic confinement potential. The inset shows the geometry of the With the ansatz

wire structure.

W(x,y) = p(x)expikyy), (5
some general properties of the sublevel spectrum will be dis- o ) )
cussed, followed by simulations of the expected node posit® Schrodinger equation becomes separables iand y.

tions in the magnetoresistance under different conditiond’!2n€ waves are taken along the wire, with wave numkgers

(i.e., confinement potential, Fermi energy, and Rashba COLguamize(_j in units of 2/L. Th? quantitL is the Wire'length.
pling parameter Conclusions are presented in Sec. IV,  BY @pplying the ansatz, as given by E), the Hamiltonian
H, reduces t&3°

1. MODEL 22 2 1 . , wg hz! 2
i : 0=~ ST oMF (X=X + — 0o
We considered a system where the electrons are confined 2m* dxé 2 w2 2m*
in a quantum well, with a confining potential determined by
the layer sequence of a semiconductor heterostru¢see + =gugo,B, (6)
Fig. 1, inset. The growth direction is taken to be along the 2

direction. For simplicity only the lowest subband of the
quantum well is assumed to be occupied. Regarding the d i ; - .
scription of the electron propagation we restrict ourself to '[hethe harmoznlc gsl%llatorq)c—eB_/ m the_cyclotron frequency,

xy plane. The magnetic field shall be oriented along the?nd @=(wc+wp)™ the effective oscillator frequency. The

L . quantitym* (w/ wg)? can be interpreted as an effective mag-
growth directionB=(0,0,8). Thus, in the Landau gaugeﬁthe netic mass of the one-dimensional systniThe set of

corresponding vector potential can be expressed Ay ejgenfunctions oH, obtained from the Schrédinger equation
=Bxg. The single-particle Hamiltonian is then given by for the system without spin-orbit couplingHodn,(X)

g\_/ith XOZ(wC/w)Z(ﬁky/eB) the guiding-center coordinate for

Hap=Ho+Hso with =E% (%) is given by
1 2 2 1 ~-1/4 2
= - = 1 X— X=X
Ho= [P} + (y ~ €BX?oo + V(X)o + S gupoB, 0= 7,T—Hn( X0>ex ( 20) )xg,
Vb y2"n! b 2b
2
N n=0,1,2,..., o=+ (7)
—“R _ _ —_—
Hso= f [o(py ~€BX — aypd, ) with b=VA/m* w the characteristic length of the harmonic

oscillator.H,(x) are the Hermite polynomials of integer order
n, while x,=(3) and x_=(9) are the spinors for up- and

down-spin projected in thedirection, respectively. The cor-

yresponding energy eigenvalues are given by

whereao stands for the unit matrix. Ihlg the first term is the

kinetic contribution withm* the effective electron mass. The
confining potential of the quantum wire is represented b
V(x), while the last term iH, is the Zeeman energy splitting

with wg the Bohr magneton and the gyromagnetic factor. © 1 72 w? , 1
RegardingH,, the effect of an external magnetic field was Ene = | o\ n+ 5 ﬁ;kyi EgMBB : (8)

included by inserting the vector potentieﬂ, as defined
above. For the confinement of the quantum wire we choose With our plane wave ansatz for tlyedirection, the spin-orbit
parabolic potential expressed by HamiltonianHg, can be written as
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FIG. 2. (Color online (a) Energy dispersion
at zero magnetic field. The inset shows a detail of
the anticrossing of the lower subbands. The rela-
tive strength of the Rashba spin-orbit coupling
Ago/fiwg was taken to be 0.1(b) Energy spec-
trum atk,=0 as a function ofw./wy. For the
Zeeman energy splittinggugB, we assumed
-0.07Ziw. (c) Energy dispersion at a finite mag-
netic field (Aw.=1.5wg).
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eB ) (hw.>hwy), the levels of the wire effectively merge with the
Hso= ar ‘Tx(ky_ ;X> oy x| (9 Landau levels of a two-dimensional syst&fn.
At zero magnetic field ané,=0, the spin degeneracy is
By expandingg(x) =2, ,an,¢n,(X) in the basis of the eigen- preserved. However, as pointed out by HadSlemd by
functions, as given by Eq7), the following equations are Governale and Zilick& in the presence of Rashba spin-

found: orbit coupling the eigenenergies of the unperturbed system
© oo’ determined from Eq(10) are uniformly shifted downward
(Em = B)an,+ 2 (Hepmame =0, (10 by Ay, with Ag,=m* a?/2#2 the characteristic Rasbha spin-
mo’ #o orbit energy.

with the matrix elementsHso)ﬁr‘;':<¢n(,|Hso| bmor) given by

, wg lll. SIMULATIONS
(Hson =~ cm(; - 1) y, (12)

sernn In order to illustrate to what extent the Rashba effect

modifies the energy dispersion in a one-dimensional struc-

- OR ture, the energy-momentum relation was calculated for weak
(Hsoo1 :E<Eil)’ (12 (Ag/hwo=0.0) and strong(As/fiwe=1) spin-orbit cou-

v pling. In the first case, spin splitting due to the Rashba spin-

orbit coupling is observed within each subband with a de-

+=_ o[ @ n+1 generacy point ak,=0 [Fig. 1(a)]. However, owing to the
(H —|—=1 > Snm-1 Y
w

sonm ™ weak spin-orbit contribution the coupling between different
subbands can be neglected for the energy range considered

AR @W¢ _ n here. As shown in Fig.(b), the situation changes completely

+ 1 5[1 m+1s n=1 (13) . . . . . . Py

b\w ' if a stronger spin-orbit coupling is assumed. Now, a signifi-

, cant coupling between neighboring subbands is found, due to
The matrix elements(Hs)y;  couple opposite spins  the larger off-diagonal elementsis)yy,. This leads to a pro-
within a given staten, whereasHg.)3y and(Hso)?% couple  nounced anticrossing, as can be seen in Rig). (tircle).?2:25
neighboring oscillator-level states with opposite spins. For as outlined above at the degeneracy pointskatO, the
givenk, the energy eigenvalues for nonzero spin-orbit cou-Rashba effect results in an energy shift of the subbands by
pling (ag# 0) are determined by numerically calculating the Ag, compared to the unperturbed system.
roots of the set of equations defined by EtQ). For the following discussion of the beating pattern in the
Before the numerical results are presented in the followimagnetoresistance information is needed about the modifica-
ing section, we will give some general remarks about thdion of the sublevel spectrum at finite magnetic fields. In Fig.
properties of Eq(10). We will also point out the differences 2 it is illustrated to what extent the sublevel spectrum is
compared to the two-dimensional case. The matrix elementffected by a magnetic field. For the curves shown here, a
(He)?"' solely arise from the one-dimensional confinementmoderate Rashba spin-orbit coupling strengthAg/iwo
potential. For a two-dimensional systei@,=0), where the =0.1 was chosen. As can be seen in Figg) 2t zero mag-
eigenvalueE(o) correspond to the Landau level energies thenet.lc field an ant|crossm_g of the subban_ds occurs. However,
. no ) ) , ' 7 owing to the smaller ratid\ /% wg the anticrossing is much
matrix elements(Hs), are zero. RegardingHsJo; and  weaker compared to the case shown in Fig)1Applying a
(Hso)pm only the terms with the prefactdt./w+1) lead to  magnetic field results in an increased subband separation,
a nonzero contribution in a 2DEG. In this case the energyvhich is now given byAiw according to Eq.6), with o
eigenvalue spectrum determined from ELp) reduces to the =(w3+w?)'? instead ofw, at zero field. The corresponding
results calculated by Rashba for a two-dimensional system. level spectrum fok,=0 as a function ofv./ wy is shown in
At large magnetic fields, where the Landau energy is muchirig. 2(b). By applying a magnetic field the time-reversal
larger than the contribution due to the confinement potentiasymmetry is broken. As a consequence the Rashba effect
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results in a lifting of the spin degeneracylkgt0. However, 400 -
the interplay between the Rashba spin-orbit coupling and the I

Zeeman splitting leads to a rather complex level spectrum,
where at a given magnetic field the energy separation be-
tween the different subbands varies. As we will see below,
the variation of the level separation is the origin of the char-
acteristic beating pattern, which can be observed in the mag-
netoresistance. In Fig.(® the normalized energy versus
wave-vector dispersion is plotted at a finite magnetic field
(ws=1.5wg). In contrast to the zero field case, no anticrossing
of the subbands occur in the energy range considered here.

395 |- E

Energy (meV)
8
o

38.5

We attributed this to the enhanced effective oscillator energy aol—0 0oy
hw with reference toAg, Compared to the zero magnetic 0.0 0.2 0.4 06 0.8 1.0
field the slope of the dispersion is smaller which can be Magnetic field (T)

interpreted as an increased effective mAss.

In order to be able to compare most directly to experimen- FIG. 3. (Color onling Fermi energy as a function of the mag-
tal results, we have to be more specific about the heterostrueetic field for a 300 nm wide wire. For the Rashba coupling param-
ture. Here, we choose anglesGa, 4As/INg7/Gay4As/InP  eter a value of & 102 eV m was assumed.
heterostructure, where a pronounced beating pattern due to
the Rashba spin-orbit coupling has been observed in theagnetic field, the magnetoelectric subbands are succes-
magnetoresistance of the two-dimensional electron't#s. sively depopulated. Each time the bottom of a subbagd
As a typical sheet electron concentration we assumgd =~0) crosses the Fermi energy, a peak is found in the density
=6x 10" cm™?, which corresponds to a Fermi energy of of states. Note that at particular magnetic fields for a given
Er 2p=39 meV withm* =0.0373" For theg factor a value of  peak in the density of states, the distance to the neighboring
-4 was assume. The value ofEg ,p was taken as the zero peaks on the left and right sides is almost identi¢a!., at
field value of the quantum wire Fermi ener@y ;p, which  B=0.17 T and 0.63 J. At these magnetic field values a node
should be a good approximation for wire structures with ain the magnetoresistance oscillations is expected. The ap-
larger number of occupied levels. In principle, the carrierpearance of the beating pattern can directly be visualized if a
confinement in the wire can be characterized by the oscillatobroadening of the energy levels due to scattering is included.
frequency wy if a harmonic confinement potential is as- The density of states shown in Fig(b} was obtained by
sumed. However, since we intend to relate our simulations tassuming a lifetime broadening described by Lorentz distri-
the geometrical dimensions of the wire, we rather refer to thdution function with a scattering parameté=0.4 meV.
effective wire widthw. By takingw as a given value, the Now a clear beating pattern in the density of states can be
one-dimensional carrier density is determined byobserved with nodes appearing at about 0.17 T and 0.63 T.
nip=Wnyp.3® The oscillator frequencw, of the wire is de- A closer inspection of the oscillations né+0 T reveals an
termined iteratively. Here, the subbands corresponding to aimcreased oscillation period. This can be attributed to the
assumed value ofv, are filled with electrons untih,n is  additional contribution of the confinement energy compared
reached. The oscillation frequenay is then adjusted itera- to the bare Landau quantization. The oscillation amplitude is
tively until the Fermi energy resulting from the filling of the relatively large because of the overlap of the two spin-split
subbands agrees to the target valig. peaks in the density of states. In general, the oscillations in

As illustrated in Fig. 2, the energy-momentum relation ofthe magnetoresistance will qualitatively follow the oscilla-
the subbands is modified if an external magnetic field is ap-
plied. As a consequence, the Fermi energy for given values
of n;p and w also varies as a function of a magnetic field.
This is shown in Fig. 3, wherav=300 nm and a Rashba
coupling parameter obx=8x1012eV m were assumed.
However, as can be seen here, in the magnetic field range in
which we are intereste@B=<1 T), the Fermi energy only
deviates by=1% from the zero field value. In order to sim-
plify the calculations, a constant Fermi energy fixed at the
zero field value was assumed in the following simulations.

The oscillations in the magnetoresistance of a quantum b) .
wire are directly related to the periodic structure in the den- 0o 02
sity of states® In order to clarify the origin of the character-
istic beating pattern in the magnetoresistance in the presence fiG. 4. (Color onling (a) One-dimensional density of states of a
of the Rashba effect, the density of states at the Fermi energoo nm wide wire as a function of a magnetic field at a fixed Fermi
as a function of the magnetic field was determined from thexnergy of 39 meV. For the Rashba coupling parameter a value of
subband dispersion. Figurda} shows the density of states 7.5x 10712eV m was assumedb) Density of states for a lifetime
of a 500 nm wide wire. For the Rashba coupling parameter &roadened energy spectrum. For the scattering parafieteralue
value of 8x10'2eV m was assumed. By increasing the of 0.4 meV was assumed.

a)

Density of states

04 0.6 08 10
Magnetic field (T)
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5 FIG. 6. (Color online (a)—c) Expected node positions as a
o function of wire width with Ef;p=39 meV for ag=5
w w=600nm_] X102 eVm, 7.5x10%2evm, and 1x10'?eVm, respec-
0 : : tively. (d)—(f) Node positions forEg ;=26 meV, 32.5 meV, and
00 02 04 06 08 10 1.2 39 meV, respectively. The Rashba coupling parameter was kept at

Magnetic field (T) 7.5x 1012 eV m.

FIG. 5. (Color onling (a) and(c) subband spectra &;,=0 as a te_ntial cannot be neglected. For the corresponding two-
function of the magnetic field for a 600 and 200 nm wide wire, dimensional electron gas, the first two nodes are expected at
respectively. Here, a Rashba coupling parameter of 7.9.77 T and 0.41 T, which deviate Significantly from the val-

X 1012eV m was assumedb) The position of the nodes in the UES given above.

magnetoresistance as a function of the wire width. For the 600 nm wide wire, the corresponding sublevel

spacingfiwg is 0.9 meV, whereas for the 200 nm wide wire,

we determined a level separation of 2.9 meV. As can be seen

in Fig. 5(c), this enhanced confinement energy, leads to a

outlined by Tso and Vasilopolo#d is omitted here for the situation where only a negligible spin splitting of the_ sublev-
els occurs. Consequently, no node in the modulation of the

sake of simplicity. ) X d . h " f
By using the procedure outlined above we can now admagnetore3|stance Is expected. In Fit)3 e position 0
y . . the nodes are plotted as a function of the wire width. It can

"$e seen that first the two nodes are shifted toward lower

magnetoresistance is modified if the confinement in the Wirgnagnetic fields if the wire width is reduced. At a wire width

is varied. For this purpose the magnetoelectric-subband speg; shout 400 nm both nodes merge and are expected to dis-
trum has been calculated for different effective wire widths.appear if the wire width is reduced further.

For example, the subband spectra for two different wire di- = The node positions strongly depend on the magnitude of
mensions, namely, 600 nm and 200 nm, are depicted in Fig$he Rashba coupling parameter. This is illustrated in Figs.
5(@ and 8b). The spectra are calculated k=0 for ar  6(a)—6(c), where for increasingy the separation of the two
=7.5x10*2eV m. As explained above, the modulations in nodes enlarges and shifts toward larger magnetic fields, simi-
the magnetoresistance of the quantum wire are determinddr to the case of a two-dimensional electron gas. Although
by the density of states at the Fermi level. A maximum in thethe separation of the nodes increases for larger spin-orbit
resistance is expected if an enhanced density of states ¢®upling parameters, the number of oscillations in between is
found atEg p. This is the case if the bottom of a magneto- decreasing. This, at first sight, peculiar behavior results from
electric subband a,~0, crosses the Fermi level. Since the the fact that the oscillations are approximately periodic in
Fermi energy depends only negligibly on the magnetic field1/B and that for larger values afy the first node already

Er 1o Was assumed to be constant in the following. As men-appears at smaller values offL/For larger values of, the
tioned above, a node in the magnetoresistance is expectedksgating pattern in the magnetoresistance should be observ-
a magnetic field where the subbands crossing the Fermi leveble down to smaller wire widths because of the larger char-
are evenly spaced. For the 600 nm wide wire, this situation igicteristic energy\y, relative to the confinement energy,.
found at 0.18 T and 0.70 Tindicated by arrows in Fig. In contrast, a variation of the Fermi energy by keepingat
5(@]. In contrast, if two sublevels approach each othera constant value does not significantly change the threshold
which is the case in between the node positipsse Fig.  of the wire width where a beating pattern appdascan be
5(a)], an enhanced modulation amplitude is expected in theeen in Figs. @)—6(f)]. The major effect of an increased
magnetoresistance. In contrast to a two-dimensional systerrermi energy is an increase of the node separation.

only two nodes are found for the 600 nm wide wire. This can
be explained by the fact that at low magnetic fields the geo-
metrical confinement is the leading contribution to the level In conclusion, we have considered the effect of the
spacing. However, even at higher fields the confinement poRashba spin-orbit coupling on the energy dispersion of a

tions found in the density of states. However, a detailed cal
culation of the magnetoresitance of a quantum W&g., as

IV. CONCLUSION
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quantum wire structure. A harmonic potential was chosen tdwo-dimensional electron gas, the node positions of the wire
model the lateral carrier confinement. We focused particulastructures are shifted. Therefore, care has to be taken when
attention on the effect of an external magnetic field on theextracting the Rashba coupling constant from the node posi-
subband dispersion. In general, an external magnetic fielfons because the methods used for two-dimensional struc-
results in an increased effective oscillator frequency andyres cannot be applied direct'® For very narrow wires,
thus, in an increased separation of the one-dimensional sughe beating pattern in the magnetoresistance is expected to
bands. As a consequence, the coupling between neighboriRgnish altogether.

subbands due to the Rashba effect is weakened. The spec-

trum at zero field gets strongly rearranged when a magnetic

field is switched on. For wider quantum wire structures with ACKNOWLEDGMENT

many occupied subbands, a beating pattern is expected in the
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