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A previous work[Shen, Ma, Xie, and Zhang, Phys. Rev. Le®2, 256603(2004)] on two-dimensional
guantum wells with Rashba type spin-orbit interaction under a strong perpendicular magnetic field is general-
ized to include the Dresselhaus coupling. The Rashba coupling and the Dresselhaus coupling interplay with the
Zeeman effect in opposing ways. The former tends to produce a resonant spin Hall effect at certain magnetic
fields while the latter suppresses it. Due to the resonant spin Hall effect, the spin Hall current is highly
nonohmic at low temperatures. The condition for the resonant spin Hall conductance in the presence of both
Rashba and Dresselhaus couplings is derived using a perturbation method. In the presence of disorder, we
argue that the resonant spin Hall conductance occurs when the two Zeeman split extended states near the Fermi
level become degenerate due to the Rashba coupling, and that the quantized charge Hall conductance changes
by 2€?/h instead ofe?/h as the magnetic field changes through the resonant field.
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I. INTRODUCTION pendicular magnetic field and predicted a resonant spin Hall
Spintronics, which exploits electron spin rather thaneffect caused by the Landau level crossing near the Fermi

charge to develop a new generation of electronic devices, h&ergy? In this paper we present detailed calculations of the
emerged as an active field in condensed matters because RjPPlém. The resonance shows up below a characteristic
both the underlying fundamental physics and its potentiafSmpPerature of the order of the Zeeman endggyThe peak
impact on the information industéy? One key issue in spin- °f the resonance diverges as 1/tiaX,eEL) (I, is the mag-
tronics is the generation and efficient control of spin currentnetic length ande the electric field, and its weight diverges
Spin-orbit interaction of electrons exists extensively in met-2S ~InT at low T asE— 0. Near the resonant magnetic field
als and semiconductors and mix spin states. It provides aRo: Gs*1/[B=Bg|. The resonance arises from the Fermi level
efficient way to control the coherent motion of electron d€generacy of the Zeeman-split Landau levels in the pres-
spins. Recently, it has been proposed theoretically that afince of the Rashba coupling. More generally, the spin-orbit
electric field may generate a spin current in hole-doped seminteraction present in the 2DEG may be of the Dresselhaus
conductors and in two-dimensional electron gg@BEG) in  YPe rather than the Rashba type, or a combination of both. It
heterostructures with spin-orbit coupling due to the spin helS thus of interest to extend the analysis of Ref. 6 to beyond
licity and the noncollinearity of the velocity of the single the pure Rashba' cou.pllng. To do Sc.)’h't 'ﬁ usefulhté) analé//ze
particle wave functiori-® Studies of this intrinsic spin Hall cI:Dertaln symmetries in systems with the Rashba and/or
effect have evolved into a subject of intense reseArdThe resselhaus_co_upllngs. We will show that_ in contrast to the
spin Hall effect in a paramagnetic metal with magnetic im_zero magnetic field case, where two physical systems differ-

ities h | . in which ing only in a pure Rashba vs a pure Dresselhaus coupling
purities has also been discussed, in which a transverse spiihinit identical essential physical behavior, this is not the

imbalance will be generated when a charge curentage when a magentic field is present. The difference arises
circulatest*~*"We also note that the spin chirality in systems from the way the Rashba coupling vs the Dresselhaus cou-
with strong spin-orbit interaction may induce a pure spinpjing interplays with the Zeeman effect. In particular, the
current:® Rashba coupling opposes the Zeeman splitting and causes

Over the past two decades, remarkable phenomena havesonance while the Dresselhaus coupling enhances Zeeman
been observed in the 2DEG, most notably, the discovery ofplitting and thereby suppresses the resonance. By using lin-
integer and fractional quantum Hall efféét?! Research in  ear response theory, we calculate the spin Hall conductance
spin transports provides a good opportunity to explore spirGG, including its magnetic field and temperature dependences
physics in the 2DEG with spin-orbit couplings. The spin-for realistic parameters of InGaGs/InGaAIGs. For systems
orbit coupling leads to a zero-field spin splitting, and it com-possessing both Rashba and Dresselhaus couplings, the reso-
petes with the Zeeman spin splitting when a perpendiculanant condition is derived within a perturbation theory which
magnetic field is applied. The result can be detected as beds accurate for the small ratio of the Zeeman energy to the
ing in Shubnikov-de Haas oscillatioA$?3 cyclotron frequency.

Very recently we have studied the spin Hall effect in the The paper is organized as follows. In Sec. Il we introduce
2DEG with Rashba type spin-orbit coupling in a strong per-the Hamiltonian of the system under consideration and ana-

1098-0121/2005/115)/1553168)/$23.00 155316-1 ©2005 The American Physical Society



SHENet al. PHYSICAL REVIEW B 71, 155316(2005

lyze its symmetries. In Sec. Il we study the spin Hall current 1 e \2 1 0
for systems with only Rashba or only Dresselhaus coupling. Ho= %(P * A T 59meBoyt Vs (A), (4)
In Sec. IV we consider systems with both Rashba and
Dresselhaus couplings. By treating the couplings as smailhereg, is the Landeg factor, andug is the Bohr magneton.
parameters, we dEVE|Op a perturbation method to derive thﬁ] VgE(A) the momentump is replaced by the canonical
resonance condition. The paper is concluded with a summany,omentum,[I=p+e/cA. We choose the Landau gauge
and a brief discussion on the effects of disorder in Sec. V. =yB% and consider a periodic boundary condition in the
direction, hencep,=k is a good quantum number.

Below we rewrite the Hamiltonian in terms of lowering

Il. MODEL HAMILTONIAN AND SYMMETRY and raising operators. For eakhwe introduce the lowering

A. Spin-orbit coupling and model Hamiltonian operator
For the introduction, we start with the three-dimensional 1 c
(3D) spin-orbit interaction known for 11I-V compounds such a=—=|y+ —(k+ipy)
PRI 5 12l eB
as GaAs and InAs, which is of the foffi? Vel
Vggz agK(p) - o+ BoE - (p X o), (1) and the corresponding raising operauir:(ak)T, with the

magnetic length,=\#%c/eB. a anda' satisfy the commuta-

wherea, (u=X,y,2) are the Pauli matrices for spin of elec- ions [a, a;r]=5kkf and([ay,a,]=0. In terms ofa, and a;
trons, p is the momentum of the charge carrier, and we have, ' ' '

Kp,(p) = 2 pyp,u,pve/.t,v,ﬁ' (2) 1 —

»o Ho/hw = agay + 5(1-goy) +i2nR(a0- - ago)
In Eq. (1), the first term is the Dresselhaus coupling which _
originates from the lack of bulk inversion symmetfywhile +\2p(ago- + o), 5
the second term is the Rashba coupling which arises from the i
lack of structure inversion symmetfyThe effective fields ~ Where w=eB/mc is the cyclotron frequency, o,
is induced by the asymmetry of the external voltage to the" (0x*i0y)/2, andg=gsm/2m, is twice the ratio of the Zee-
system. In quantum wells, by neglecting the weak interbandan energy to the cyclotron frequenays is the free elec-
mixing and retaining the linear contribution pfparallel to ~ tron masg ﬂR:B@b/hz and nD?amlb{ﬁz, both inversely
the x-y plane, the spin-orbit interaction in 3D is reduced toProportional to yB are the dimensionless Rashba and

an effective one in 2D, Dresselhaus'coupling, respectivel'y. '
oD o The velocity operator plays an important role in the study
Vgo = Hgot Hgo, (38 of transport properties including the spin Hall conductance.

The velocity operator of a single particle is=[,H]/i%
(7=x,y), from which we obtain

HEf@) = (00— 0P, (30)
Uy = \Ei:nI [ay +a+ \"E’]DO'X + \*'EWRO'y]a (6a)
HE(B) = 2oypy - oopy). (30 ’
where a=-agh(p2) and B=By#(E,), with the average taken vy = \Eifnlb[a; - a+iV2np0y +iV2me0 ). (6D)

over the lowest energy band of the quasi-2D quantum well.

The Rashba coupling can be mOd;??ged up t0 50% by a gat@omparing this with the standard expression of velocity for a
voltage perpendicular to the plafe™™ In some quantum cpared particle in a magnetic field=(p+e/cA)/m, the

wells such as QaAs the_ two terms are usually of the S‘T’“’ngpin-orbit coupling effectively induces a spin-dependent vec-
order of magnitude, while in narrow gap compounds I|ketor potential

InAs the Rashba coupling dominatés?® Experimentally
the relative strength of the Rashba and Dresselhaus cou-

plings can be extracted from photocurrent measureniénts. B. Symmetries
In this paper we consider a spin-1/2 particle of charge - \e analyze three symmetries of the Hamiltonian in this
and effective mase confined by a semiconductor quantum gection. which we will use in our calculations
. 3 ' o
well to a 2D x-y plane of lengthL, and widthL,.** The Interchange symmetry of the two couplingsnder the

particle is subjected to a spin-orbit interactigf. A perpen- unitary  transformation, o, — ay,a,— 0y,0,—~0, the

dicular magnetic fiel=-Bz=V XA and an electric field Rashpa and Dresselhaus couplings are interchahged,
E=EYy along they axis are appliedsee Fig. 1 in Ref. 6

Both electron-electron interaction and impurities will be ne- a(Iloy —Ty0y) — a(lloy, - I1,0y); (78
glected in our study. The Hamiltonian reads
H=H,+eEy, ,B(on'y - l_Iyo'x) — B(Iloy - Hya'y); (7b)
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Os— — Js. (70

Therefore a system with Rashba coupliBg Dresselhaus
coupling a, and Landeg-factor g is mapped onto a system ith s=+1 for positive integern, and e, ,=hw(1-g)/2.
with Rashba couplings, Dresselhaus coupling, and Lande  There is a large degenerach,,= LXLy/(Zwlﬁ) to each

g—factpr ~Us- In particular, a system with onl.y Dresselhaus eigenenergy. The corresponding eigenstates are given by
coupling can be mapped onto a system with only Rashba

coupling and an opposite sign @. This symmetry will be _ [ €0SOhstnk
used in Sec. lll. At the symmetric poiat= 3, Vv is invari- Inks)= i SiN 6Pk

ant under the transformatiomx=-p is another symmetric ) ) . )
point under the transformationy,—-ay,0y— -y, 0,—  Where s the eigenstate of the" Landau level withp,
-0, For physical parameters, we will always consiggr =k in the absence of the spin-orbit coupling,.=0, and

S ———————>
€= hw<n + Ev(l -g)%+ 8m,§>, (8)

9)

>0. tan Gp,s=—Up+sy1+u2 for n=1, with u,=(1-g)/8n 3.
Signs of the couplingsunder the transformationr,— The eigenenergies for the system with Dresselhaus cou-

—0y,0y——0y,0,— 0, We havea——a and 8——B. The  pling only can be obtained by replacing, by 7, andg by

eigenenergy spectrum is invariant under the simultaneousg,

signh changes of the two couplings. The eigenenergy spec-

trum is even inyg if 7,=0 and is even inyy if 7x=0. & :ﬁw<n+ §\,,(1 +0)2+ 8n7;2). (10)

Charge conjugationUnder the charge conjugation trans- ne 2 °

]::%r?nagt:aosn'it;eggeﬁ tr:)er rgf?ggt?\f:;gmgn_]gmir?féze &?rrl_?rr]islso The energy spectra versug or 7p are plotted in Fig. 1. In

transformation is ,equivalent to tksle flipsof the éxtelrnal mag—the absence of the spin-orbit coupling, the Zeeman energy
splits the two degeneratm%)h Landau levels of spin-up and

netic field B—-B. Therefor_e a system of hole carriers hasS in-down electron states into two nearby ones with the
the same physical properties as the corresponding electrqé)

svstem excent for possible directional chanaes in theoWer level for spin-up and the higher level for spin-down.
o)t/)servableél P P 9 As 7R increases from zero, the energy of ﬂrﬂ%Landau level

Ho can be solved analytically in the systems with Onlystate of spin-down is lowered because of its hybridization

. X -7 with the spin-up state at th@,+1)" Landau level due to the
Rashba or only Dresselhaus coupling. An analytical SOIUtlorhashba counling. The Rashba interaction competes with the
is currently not available foH, with both couplings’?-34In piing. P

the next section, we shall discuss the charge and spin Haﬁeeman energy and there is an energy crossing at certain

conductance of the electron system with a pure Rashba COA’{—alues ofzpg or the magnetic fields as we can see in Fig).1

pling. The results can be mapped easily onto the system wit egilsfrlgsgii” re_?[?gir:](le? Weleevxjrg:ger'jnil?ns??&%%tfghteo this
a pure Dresselhaus coupling and to the hole system in SemISresselhausgc;ou lin hg)s/ differentgfeatures In that case, a
conductors by using the symmetries discussed above. ping : '

spin-up state, which is at the lower level due to the Zeeman
splitting, mixes with a spin-down state at a higher Landau
level, which separates further the Zeeman splitting, thus

lll. SYSTEMS WITH PURE RASHBA OR PURE there is no resonance in the spin Hall current.

DRESSLHAUS COUPLING

. . . . B. Linear response theory: Spin Hall conductance
In this section we focus on systems with either Rashba P y: =P

coupling or Dresselhaus only. We will present the calculation We consider the charge and spin Hall currents alongthe
with respect to the Rashba case. The Dresselhaus case cfis induced by an electric field along thexis. In terms of
then be addressed using the interchange symmetry discussé&g velocity operator, the charge and spinbemponent cur-
above. After a brief review of the single particle solution in rent operators are defined by
the absence of an electric field, we will discuss the spin Hall Co_

e . je=—evy, (11)
conductance by using linear response theory in Sec. Il B,
and its nonlinear effect and scaling behavior near the reso- 7
nance in Sec. lll C. Some of the analysis here has been pre- js= —(opx+vy0y), (12
viously reported. For readability purposes we reproduce the 4
highlights here for the linear response section. For the nonespectively. We refer readers to Ref. 6 for the discussions on
linear effect, we expand the discussion from the previoushe other spin components. The symmeterized form of the
work to emphasize that the spin Hall effect is not an artifaclspin current operator guarantees that it is Hermitian. Each

of perturbation theory. single particle statég,o carries a currentddicd dnco-
The charge and spin Hall conductance are then given by
A. Single particle solution 1
The single particle problem o, with 7,=0 can be Ces= | Ekfnks<¢nks“c,s|¢nks>/Ea (13
Xy nks

solved?® The Rashba coupling hybridizes a spin down state
in the nj' Landau level with a spin-up state in tiie;+1)™  wheref,is the Fermi-Dirac distribution function. Note that
Landau level, and the eigenenergies are given by since spin is not a conserved quantity in the presence of
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FIG. 1. (a) Energy levels in units ofiw as a
function of the dimensionless Rashba coupling
7r- The parameters arg=0.9x 10 eV m, n,
=1.9X10'%/m?, m=0.05m, and g,=4, taken
from Ref. 22 for the inversion heterostructures
INg 5858 47AS/ Ny 57l g 46AS. (b) Same as infa),
but for the Dresselhaus couplingy (with the
same strength of the Rashba coupling

Energy Levels Ep, ¢

0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
Effective Rashba Coupling n

spin-orbit couplings, the spin current defined above and thef the energy crossing. Conversely, the lack of such an en-
spin density do not satisfy a continuity equation. Neverthe-ergy crossing in the Dresselhaus césee later implies no
less, the expectation values of the spin density and the spisuch jump, as can be seen in Figc)2

current are well-defined. Unlike a free electron in a uniform  The second part i, arises from the first order iHl’,
magnetic field, the single particle problem with the spin-orbit

coupling in the presence of an electric fidkd is not ana- G = E7R frs~ fos « (\E sin 26.- Sir? 6.
lytically solvable, since the Landau levels mixing no longer ~° 877\5 el eﬁs— e | " e
truncate. After a replacement gf—y+eE/mw? in the op- e "

eratora, by d,=a,+eEl/\2kw, the Hamiltonian of the sys- =N’ cog G,Sin 26,/). (17

tem in the presence of the electric field reads, apart from %\ T=0. if th q level il
constantH=H(E)+H’, whereH,(E) is the one in Eq(5) tT=! HIGE e tWOb egenerdgte energyMe\;]es are ﬁart'?] y
by replacinga, with %, and H’ =-eEk gy, We now con- occupied, G may become divergent. Mathematically, the

siderH’ as a perturbative Hamiltonian to study the chargeresonance is given by the conditiom 2 »<2n+1 for the

and spin Hall currents. Up to the first orderfip we obtain electron filling factory, with n an integer satisfying the equa-

tion
Ges=GQ + Gy (14)

V(1-g)2+8nng+\(1-g)2+8n+1)7E=2. (18
where the superscript refers to the zeroth order and first order - )

in the perturbation irH’. The charge Hall conductance is From the above condition, for a system with amy+ 0,
found to be independent of the spin-orbit couplir@,  7o=0, andgs>0, there is a unique resonant magnetic field
=ve?/h, with v=N,/N,, being the filling factor. Within the By such that the resonant condition is satisfied. By symmetry,
perturbation theory, the spin Hall conductar@ecan be di- We obtain the resonance condition for the system with a pure
vided into two parts. The part arising from the zeroth order inDresselhaus coupling, which is given by the solutionrfaf

H’ is found to be the product of the spin polarizati@ per ~ the equation,

terlsr(l:t(r:?]r;rggd_é?e Hall conductan&, divided by the elec- J1+g2+8nd+\(1+g2+8n+1)B=2. (19

0 _ , Unlike the pure Rashba coupling case, there is no solution
Gs'=-(S)Ge. (15 for anygs>0 in the pure Dresselhaus coupling system. This
. D : ’—
The expectation value of the spin polarization per electron i¢S because the energy leved; and €, with n’=nz1 do
not cross over, so the pairs of the crossing levels in the

(= iﬁz (n,K,8|on, K, S)f s = iﬁz COS Wref s Dresselhgus coupling system correspond’té n+1 and do
Ne 2 s Ne 2 ks not contribute to the spin Hall conductance.
(16) We have calculated the spin Hall conductance numeri-

cally. G at T=0 is shown in Fig. &). In addition to the
(S at T=0 is plotted in Fig. Ba). The oscillation is due to oscillation in 1B similar to that ofa, there is a pronounced
the alternate filling by electrons of the energy levels withresonant peak at the filling=12.6. No such resonant peak
mainly spin-up and spin-down. A jump is visible a£12.6  occurs for the Dresselhaus case, as is shown in Fdj. B
(corresponding to inverse magnetic field 0.T62 because Fig. 3, we showGZ at several temperatures for the Rashba
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Inverse Magnetic Field 1/B (1/T) Inverse Magnetic Field 1/B (1/T)

FIG. 2. Average spir§, and spin Hall conductance as a function oBldt T=0. The parameters are the same as in Fig. 1.

case. The height of the resonance peak increases drasticatlysonant peak and the two nearby side peaks. The character-
as the temperature decreases below a few kelvin. In the insettic temperature for the occurrence of the peak can be esti-
of Fig. 3, we show theT-dependence of the height of the mated to be the Zeeman enery, which is about 10 K at

the resonant field for the parameters in the caption. More

B—s explicit derivation of this will be given in the next section.
18 —=— T=0.1K
5L *?8-2& C. Nonohmic spin Hall current and scaling behavior
- . v=1255 T=1K In this section we study the nonlinear effect of the electric
§. 12F 4 —— T=10K field to the resonant spin Hall current and the scaling behav-
Y N = ior. Since the resonance originates from the interference of
§ ol - two degenerate levels near the Fermi energy, we will focus
g N = on those two levels to examine the problem. As an example,
3 20 we shall consider IfsGay 4AS/ Ny 55G& 4gAS With the pa-
SsF vEIS e T rameters given in Fig. 1, in which case the resonance occurs
5 P S | at the filling factorv=12.6[see Fig. 1b)] and the relevant
sl T N\ two levels are|1)=|n=6,k,s=+1) and |2)=|n+1=7 k,s=
-1). The energy levels below the two levels are assumed to
3 be fully filled, and all levels above the two to be empty. This
%,oo 0.03 0.06 0.09 0.12 ! 0.15 ! 0.18 ’ 0.21 is valid if Aw> kBT. The Hamiltonian is then, up to a con-
Inverse Magnetic Field 1/B(T) stant, reduced to a’22 matrix,
FIG. 3. Spin Hall conductance vs B/at several temperatures Ae vy
for Rashba coupling systems. The parameters are the same as those Hreduced™ (v _ Ae)’ (20
in Fig. 1. In the inset, temperature dependence of the height of the 0
resonance peak and two side peaks is plotted. WhereAez(egﬂ— 57R’_1)/2, and
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12> \ 5Ve EZ f_(l - f+)

< [1 - 2l

AE " ar \/(Ae)2+v(2) (fo+f,)

gap

[1> ‘ (23

where the factof_(1-f,)/(f_+f,) is a slowly varying func-
tion of T ranging from 1 at low temperatures t@l
-6,/2)/2 at high temperatures. At low temperatui@s is
given by

FIG. 4. Schematic illustration of the energy shift due to the
electric field in the two degenerate levels near the resonant point.

Vo= <2|H,|1> == eE|b77R C0306,+l sin 07'_1.

As we can see from the reduced Hamiltonian and from Gy= —ii.
Fig. 4, the electric field breaks the level degeneracy and 4 bl
opens an energy gapEgap:_2|UO.|- Denoting the two eigen- |t is only a function of the reduced magnetic field and the
states of the reduced Hamiltonian dy.), the spin Hall cur-  eyxcess part of the filling factor fromr2 At the resonant
rent density is given by magnetic field, i.e.p=0, the spin Hall current approaches

with  lowering temperature to a constant,l =

1 —-e/4nws Bzl (elynr COSHO, 1 SiN6hq 1) @S can be seen in

ls= ——(_f_+i.,f,), (21 Fig. 5. Using the resonance condition in EL8), By

27l ~ AnmecB?/gh3 (n=6) and using the fact that for large n

is proportional to 1B, the resonant magnetic fiel&,
where the Fermi-Dirac distributiorﬁiz{exp([i\/m) ocB/.v‘g approximately. Thus the resonant spin current is pro-

— u]/ksT) + 172, with f,+f_=5,=1—2n, u the chemical po- Portional to

tential, and. =(®.|jZP.). The electric field and temperature 5,8 gB
dependences of the spin curréphear the resonance point is s= 87-rm2c2?
plotted in Fig. 5. At low temperatures the resonant spin cur-
rent approaches to a constant in a weak electric field. Therefore for a given filling factor, the larger the spin-orbit

Now we analyze the scaling behavior of the spin conduccoupling 3 is, the stronger the spin Hall resonance. The re-

tance near the resonance point. For simplicity we limit oursylted spin Hall conductance divergesTatO as
discussion to the case ¢f <1 andg<1. Near the resonant

(24)

x 5,8. (25)

point, Ae~~E;b where E;=ghawy/2 is the Zeeman energy o 0B __ 8¢ 9Byl 26
and b=(B-By)/By is the reduced dimensionless magnetic S 4wy 8mmPc? B E
field. Using the identity
At temperatureskgT> \/(A€e)?+v3,
fof, = f(L-f)[l-e2@o™FkT] (22 G, ~ - 2L=8/2)e2E, @27
S 47 kgT

we obtain the singular part of the spin Hall conductance to bé@nd the integral

T=0.01K fGSdb—> ~ 5Ve<|n E)

025 | L et 27\ KkgT
T=0.05K
T=01K .- This integral reflects the weight of the resonant peak of the

spin Hall conductance.

E",’ Since the method used in this section is beyond perturba-
2 .7 T=0.2K . )

2 s . tion theory, we conclude that the resonance spin Hall con-
é’ ' T=0.5K ductance we predict is not an artifact of the perturbation
] method. Instead, the resonance is caused by the interference
3 o10 Tk between the two degenerate energy levels at the Fermi en-
f? ergy.

o

o

2]
T

/ IV. SYSTEMS WITH BOTH RASHBA AND DRESSELHAUS
0.00 E£ 1 1 1 1 ]

0.00 0.01 0.02 0.03 0.04 0.05 COUPLINGS
Electric Field E (N/C)

In this section we briefly discuss the resonance in the spin
FIG. 5. Resonant spin current density as a function of the elecHall conductance in systems with both Rashba and Dressel-
tric field at different temperatures. The spin current unit ishaus couplings. The Hamiltonian including the electric po-
(—e/4m)(N/C). The filling factor at the resonance is=12.6. tential reads
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H=HyE)+H’ (29 there is a resonant magnetic field at which the spin Hall
conductance diverges at low temperature and low electric
field. The physics for this resonance is the energy level cross-
ing of the two Landau levels due to the competition of the
Zeeman splitting and the Rashba coupling. For a given sys-

Dresselhaus coupling. In this way, a Landau level is couple wrcr)]1Ltar11nedr:1ulsl,e?/eu|2IggSorriZO;:netnn;?e?tze;tctr?eellgér?raivé?llgr th?n
to an infinite number of other Landau levels, and the analytic 9 9y

solution is not available. The problem, however, may be apEhls case, some physical properties may show singularity. As

proximately solved by using perturbation theory to treat studied earl_ier,_the §pin p_olarizatio_n will change its sign as

and 7, as small parameters. This is equivalent to the limitthé magnetic field is varied passing through the resonant

B—s oo, sincenp r* 1/VB. For parameter values given in Fig. field. Namely the magnetic susceptibility is divergent. The
2! , neter : : .

1, 74=0.004<1 at the resonant fiel@~6.1 T. In the ab- SPIN Hall conductance is another singular response due to

sence of the electric field, the single particle energy, up to théhis level crossing. When an infinitesimally weak dc electric
second order ingg and 7p, is given by field is applied in the plane, the two degenerate Landau lev-

els are split accordingly and a finite spin Hall current is in-
duced. The resonance is macroscopic in the sense that a huge

with H' =—-eEk(npoy+ nroy). In this caseH, is not solvable
analytically. A staténg, | ) (in the basis of the Landau levels
with 7p=7g=0) is coupled tdny+1,T) via the Rashba cou-
pling, which is further coupled tdny+2,|) due to the

ol _ 1-9 2nomp_ 2o+ Dojp

ho Mo 2 1-g 1+g ' (293 number of the states in the same Landau level are involved in
the process. We have calculated the temperature and electric
field dependences of the resonance. The characteristic tem-

& 1+g 2noms  2(ng+ 1) 73 . .

L /. (o )nR_ (29b)  perature for the resonant spin Hall current is of order of the

how 2 1+9 1- Zeeman energy. As the temperature decreases, the height of
Note that the mixed term ofjz7p does not appear in the the resonance peak diverges likd /T and the weight di-
perturbation to the second order. The two levels become deerges like=In T. While the spin orbit coupling has a dra-
generate if the following equation is satisfied: matic effect on the spin Hall conductance, the charge Hall
) 5 conductance is not affected and remains quantized. The spin
9 - TR _ "o (30) Hall current is nonlinear with the electric field at the resonant
2(2ng+1) 1-g 1+g field. At low temperatures, the spin Hall current rapidly rises

It follows that a necessary condition for the resonant Spirjrinearly with the electric field and saturates at higher electric

Hall current is 74/ 73> (1-0)/(1+g)=~1, for g<1. At 7p

=0 and in the limityr<<1, Eq. (30) is consistent with Eq.
(18) for the resonant condition we derived for the pure
Rashba system. Alternatively the resonant magnetic field isg

ields. At T=0, the spin Hall conductance diverges a& bt
resonance. Near the resonant magnetic figjdit is «1/|B
-By|. Contrary to the Rashba coupling, the Dresselhaus cou-
ling further increases the Zeeman energy splitting to sup-
ress the effect of the Rashba coupling. The strength of the
Rashba coupling necessary to surpass the Dresselhaus cou-
o~ 3B - ). (31 piing, in order to have th in Hall
9 ch pling, in order to have the resonant spin Hall current, was
estimated by using a perturbation method treating the cou-
The large numben, increases with 18, for a specific den- plings as small parameters. This is accurate as long as the
sity of particles. Thus for a certain Rashba coupling the inZeeman energy is much smaller than the cyclotron fre-
creasing of Dresselhaus coupling will decrease the resonaguiency.
magnetic fieldBy. The singular part of the spin Hall conduc-  We have assumed no potential disorder in our theory. The
tance can be studied by examining the two level system irffects of disorder in 2DEG with Rashba coupling, especially
the presence of an electric field as we described in Sec. Ill Gn a strong magnetic field, is not well understood at this
At the resonant point and at low temperature, point3° Nevertheless, it seems reasonable to assume that the
P52 > spin-orbit coupling does not change the effects of disorder
_OFh ﬂl (32) qualitatively. This is likely to be the case in the presence of a
8mnPc? \o? + B2E strong magnetic field, which ensures extended states in the

L Landau levels when the disorder is not sufficiently strong as
As the Dresselhaus coupling increases from zero, the resqg-

. ; o . “evidenced by the experimentally observed quantization of
nance is shifted to lower magnetic fields and occurs at highef ) :
X he Hall conductance. We then assume that the disorder gives
Landau levels with a weaker resonant strength.

rise to broadening of the Landau level and localization so
that the extended states in a Landau levels are separate in
energy from those in the next one by localized states. Inspec-
V. SUMMARY AND DISCUSSIONS tion of the s'pin—orbit coupling shows that Laughllin’s' gauge
argument still hold$83” and each Landau level with its ex-

In summary, we have studied the spin Hall effect in atended states completely filled contrib& h to the charge
two-dimensional electron system with spin-orbit couplings inHall conductance. Thus we conclude that the quantum Hall
a strong perpendicular magnetic field. In systems with theconductance remains intact with the spin-orbit interaction,
Rashba coupling dominating over the Dresselhaus couplingxcept at the special degeneracy point. As the Fermi energy

Gs=

155316-7
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varies across this degenerate extended state, the charge H
conductances, is expected to change bye? h, instead of
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