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Spin-dependent Hall effect in semiconductor quantum wells

H. C. Huang, O. Voskoboynikov,® and C. P. Lee
National Chiao Tung University, 1001 Ta Hsueh Rd., Hsinchu, 300, Taiwan, Republic of China

(Received 21 July 2003; accepted 21 November 2003

We present a theoretical study of the spin-dependent scattering of electrons from screened attractive
and repulsive impurities in I11-V semiconductor quantum wells. The effective one-band Hamiltonian
and the Rashba spin—orbit interaction are used. We demonstrated that the asymmetry of the
spin-dependent skew-scattering and side-jump effect can lead to a quite large spin-dependent
(anomalous Hall effect at zero magnetic field in all-semiconductor quantum well structures. Our
theory predicts a measurable spin-dependent Hall angle that reaches abot0ZBad for a
CdTe/InSh/CdTe quantum well with impurities doped in the center of the well20@4 American
Institute of Physics.[DOI: 10.1063/1.1641147

I. INTRODUCTION ization of electrons’ wave functions in the conduction
channef’18

The extra degree of freedom provided by the electron In this article, we present a model of the spin-dependent
spin may open up further enhancements for semiconductalectron scattering from impurities located in the center QWs
devices. The spin-transistor proposed by Datta and Ba  of nonmagnetic IlI-V semiconductors. We calculate contribu-
example of a spin-controlled device based on semiconductaions from the SS and SJ mechanisms to the SDHE. Our
two-dimensional2-D) channels. For this reason, theoretical calculation is based on the effective-one-band
studies of spin-dependent electron processes in 2-D semicortamiltoniart®?° and Rashba-type model of the StB3£H?2
ductor structures have attracted a lot of interest since a paFor QWSs of narrow-gap semiconductdsystems with large
ticular branch of semiconductor electronic®-called spin- SO coupling parametersnd with impurities located in the

tronicg has become a focus of studiy! center of the wells, we obtained relatively large spin-
Recently, detection of the electron polarization in para-dependent Hall angle§SOHAS.
magnetic metaf® and semiconductofsthrough the spin- The article is organized as follows. Section Il describes

dependent Hall effecSDHE) has been proposed. This is the method we use to calculate the spin-dependigiatt)
quite similar to the exploitation of the anomalous Hall effectcross section for 2-D electrons scattered from impurities in
(AHE), which can be observed in magnetic metals or semisemiconductor QWSs. Section Il presents the method of cal-
conductors without external magnetic fidkke, for instance culation of the off-diagonal element of the conductivity ten-
Ref. 8, and references thergiiThe key point of the expla- sor in QWs with account of the Mott scattering. The calcu-
nation of those effects is the presence of the spin—orbit inlation results are presented in Sec. IV and conclusions are
teraction (SOI). Considerable work on the AHE has been given in Sec. V.

done in the last 50 years since the pioneering work of Kar-

plus and Luttingef. It is generally recognized that two

mechanisms contribute to the AHE. Those are the side—jumﬁ BASIC EQUATIONS AND DESCRIPTION OF THE
effect(SJ) proposed by Karplus and Luttindeand Bergef® S.PIN-DEPENDENT SCATTERING

and the skew-scattering9 proposed by Smit! It is com-
monly believed that the first mechanism can be more signifi-  We consider 1lI-V semiconductor QWs with charged im-
cant in metal alloys or semiconductors with relatively largepurities and use the approximate one-electron-band effective
resistivity, while the second one prevails in systems with lowHamiltonian in the following fornd->2°
resistivity.

In the absence of magnetic impurities and at low tem- YRS

) . . H=Hg+Vi,(r), 2

peratures, the main source of the spin-dependent scattering
processes is the SO coupling to local defects. The effect of ) o , ) .
the SOI on the electron transport and relaxation in 2-D semi\-'_vhereHO is the Hamiltonian of the system without impuri-
conductor systems has been studied for a long tim&we ties:
recently investigated the spin-dependent scattering processes
in the bulk of nonmagnetic semiconductors in the presence -~ h?
of the SOI*® In semiconductor quantum wellQWs) the Ho=~ ?Vr[
effect of the SOI on the processes of scattering becomes even

more stronger that in the bulk. This is a result of the Iocal—\‘/im(r) is the impurity potential,V, stands for the spatial
gradientm(E,r) is the energy, and position-dependent elec-
dElectronic mail: vam@cc.nctu.edu.tw tron effective mass is

mE") V., +V(r).
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1 2P?2 2 v e
R N S V<p>=f dze} (2)Vin(r) ¢1(2),
m(E,r) 342 E+E4(r)—V(r) —o
1 and following the approach described in Refs. 19, 23 and 24,
+ E+Ey(N+A(N-V(N)|’ we obtain stemspcally screer_led and averaged quasi-2-D scat-
tering potential in the following form:
whereE is the electron energy/(r) is the confinement po-
tential of the well,E4(r) and A(r) stand for the position- YA h’ze? (= dq ]
dependent band gap and the SO splitting in the valence band, o(p)= aim,(0) Jo e(q) o(dp)

respectively, andP is the momentum matrix element.

The impurity potential consists of two parts, e _
purity p p Xf_ A2 g1(2) |26,

Vim(1) =V() + V1),

whereV(r) is the Coulomb potential of the charged impu- v . heze? (= qqu
rity and V¢((r) describes the SO coupling with the impurity sdp)=l am,(0) Jo €(a) 1(ap)

Vsd 1) =ia(E,NVV(r)-[ox V],

w(®) [ ddeofe
z<|L/2|

Wheré2'18'21'22
2 S Jd
o(Er)= ! rax®) [ ddeale S L,
3 [ [E+E4(r)—V(n)]? 2=|Li2] p
1 whereaf, = e1%/e?m,(0) is the effective Bohr radius in the
- . (20 well, J,(x) is the Bessel function,
[E+Eq(r)+A(r)—V(r)]?
We describe symmetrical QWs of thickndsand denote by e(qQ)=1+ Sl
z the direction perpendicular to the well interfaces. For sys- q
tems with sharp discontinuity in the conduction band edggs the 2-D dielectric function,
between the QWmaterial 3 and the barrier regiotmaterial
2), the confinement potential can be presented as 1 my(Ey) d
ar=— 1+ —=In[my(E)]|e
y 0, —L/2<z=<L/2(rel) 5 ay M (0) dE F
r)y= .
0 Vo, [Z>L/2i(re2) @ is the 2-D Thomas—Fermi screening constaag, is the

We assume that an isolated impurity is located in the centdf€rmi energy of the systeffl,and
of the wells ¢=0), and the unscreened Coulomb potential _
_ ey E=E,+E;,.
of the impurity is given as
Due to the radial symmetry of the potentidls(p) and

Vo(r)=— L (4) T/S(,(p), we can present the wave functi@i(p) as the fol-
¢ Amed p?+2%]? lowing:
where p=(Xx,y) is the position vector parallel to the inter- I=+eo _
faces,e;=(€,+ €,)/2 is the average permittivity of the sys- lﬁS(P):lz«w Ri(p)e'x.

tem, Z is the charge of the impurity, anelis the electron

charge. For most Ill-V semiconductor QWs, we can negleCiyherel is the orbital momentum number and is the spin
the image potential, and we assume that for simplicity.  fynction upon which the Pauli matrix vector operates.

The Rashba term |h‘|0 does not occur due to the reflec- The quasi-z-D Scﬁdjnger equation for the radial wave
tion symmetry of the quantum weélt:?? Considering only the  function is given by

electrons’ elastic scattering within the first subband of the
well, we present the solution of the confinement problem| #2 |1 d d 12 ol = ~ s
5m(E) | p dp | P dp _EH( —Ve(p) +IVsdp) { Ri(p)

with the HamiltonianH, ag®?® >T(E)
V(p,2)=(p)¢1(2), ©) =0, (6)

where ¢4(2) is the normalized electron wave function in
direction, ands= *1 is the quantum number related to the
spin states. The eigen-energy,, in z direction can be ob- 1
tained easily from the well-known Ben-Daniel-Duke k=3 VZM(E)E,
boundary condition§>?!

By taking the average is the wave vector of the 2-D electrons, and

where
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1 1 ) I(E,0)=|f(E,0)|*>+]|g(E,0)|%
=T e dz|¢:(2)|
M(E) my(E) Jo<L2) and
’ G(E,0)=f*(E,0)9(E,0)+f(E,0)g* (E,0), (13
Ma(E) Jz=|Li2 is the spin-flip part of the scattering cross sectithre asym-

At a large distance from the scattering center, theMelric scattering part

asymptotic of the radial function is given by
RS(p)— A% €085 (kp) — sin 65N (kp)T: - IIl. SPIN-DEPENDENT HALL EFFECT IN 2-D
(p)— AL iJi(kp) iNi(kp)];  p— CHANNELS
where 8} is the scattering phase sBft®andN; is the Neu- _ _ »
mann function. To solve the scattering problem we use the " thg Pauli approach to the explanation of the origin of
variable phase approa@h?’ which assumes that the phase the AHE; the total electron velocity is presented as
function &7(p) at the pointp determines the phase shift pro-
duced by the part of the potential contained within the cycle
of a radiusp. The scattering phase shift for the total potential

is equal to the asymptotic value

1
v§:ngEp(k)+wﬁ

whereE (k) is the dispersion relation of 2-D electrons in the
well, andwj, is the anomalous velocity, which can be written

(14

&= 1lim &3(p). in the following form®2122
p—o
, - o : [sXK]
The phase functiod;(p) satisfies the following differential Wp=a , (15
Tim

equation:
where, is the electron momentum relaxation time resulted
from impurity scattering, ang is the unit vector parallel to
the spin polarization.

The total electron current can be obtained by averaging
the total velocity over the electron distribution function
fs(k). In the linear approximation with respect to the exter-
nal electric fieldF,2°~%?this leads to

déi(p)  2mM(E)
dp 42

p[Ve(p)—IVedp)]

X[cosd(p)di(kp) —sin&i(p)N(kp) 1%, (7)

with the boundary condition

67(0)=0. (8 [SXF]
The complex 2-D scattering amplitude we preseftds J=- |e|k2S Vefs(k) =3+ 3°= 0 F+ o s (198
F(E,0)=[f(E,0)+d,0(E,0)]x°, C)

where o is the diagonal element of the conductivity tensor

where fS(6) andg(#6) describe scattering without and with andas is the spin-dependent Hall conductivityff-diagonal
electron spin reorientation, respectively, and they are deteelement of the conductivity tensorf the concentration of
mined by the following® scatterers is low, one can assume these impurities scatter the

f(E,0)=IZOf|cos(I0), (10)
9(E,0)= 2, gisinl0), (11)

where

[1 [exp2idy)—1, 1=0
0= V2 exp(i2s ) +expi2s )—2, 1=1'

gi=i\ /%[exp(iZﬁf)—exp(iZﬁf)],

0 is the scattering angle between initidd; and final ;)

wave vectors. When electrons are spin polarized parallel to

the z axis, the Mott scattering cross sectidrcan be ex-

pressed in terms of the incident electron spin-polarizaon

as the following:

o(E,0)=I1(E,0)+G(E,0)P, (12

electrons independently. In this approximation, the Boltz-
mann transport equation for the electron distribution function
fs(k) is given by

—|ﬁE|Fkas(k)=k2 Wo(k,K) +W(k,k)
X[ f(k)—f(k)1, (17)
where
3
Wo(k,K)= N KI(k,K)Nim 8L E (k) —E,(K)], (18)
3
Ws(k,k)=Ar~n2(E)kPG(k,k)Nim(S[Ep(k)—Ep(k)],
(19
I(k,K)=1[E,(k),0], G(k,Kk)=G[E,(K),0], (20)
- > shg, n=n.;+n_g, (21)

B Ns==+1

wherel (0) is the differential cross section for the unpolar- where Wo(k,E) and Ws(k,E) are the scattering transition

ized incident electron§he symmetric scattering part

probabilities per unit time due to symmetric and asymmetric
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scattering, respectivelyy;,, is the impurity concentratior? 1.6

is the polarization of the 2-D electronic gas, is the con- 1.4

centration of thes-polarized electrons in the 2-D channel, 1.2 b

and A is the system area. In the linear approximation, the = 1

electron distribution function can be written in the form 0.8
fs(k)=fo(E) + Po(E)(k-F) + P(E)(k-[sXF]). (22 gj a

Substitutingfs(k) into the Boltzmann equation, we obtain 0.2

the coefficientsPo(E) andP4(E), and then the components "0 2 4 6 g8 10

n (109 cm?)

of the conductivity tensor.

Finally, the off-diagonal element of the conductivity ten-

sor obtained from Eq(16) consists of two parts,
o= 03st 03, (23

where ogg is the contribution from the skew-scattering

FIG. 1. The ration=|6576%3 (65’ and 65° are contributions into the total
SDHA from the side-jump and skew-scattering parts, correspondiragly
the function on the electron concentration for two types of impurities located
in the center of the IGA QWn=N;,,, L=20 nm;ais a repulsive impurity
(Z=-1), bis an attractive impurityZ=+1)].

(which comes from the spin-dependent part of the elastic

scattering and og; is the side-jump contributionwhich
comes with the anomalous velogityror the case of the de-
generated electronic systeftow-temperature limjt those
two contributions can be presented as the following:

ﬁezNim ism 2
o szls(%) B(k)®, (24)
e2

0';]: - msgl Sas(k'S:)Z_ (25)
In Egs.(24) and(25),

Ge= JOZWG(ES,6)[1—005(9)]sin(0)d6, (26)

1 26Ny

= = (27)

_ 2w

IS=JO I(EX,0)[1—cog 6)]dé, (28

Ms=mM(EY), as=a(EY), and the Fermi energg: for the

s-group of the polarized electrons is the solution of the fol-

lowing equation:
2

s:
F2m;

(kp?+Ey, (29

IV. CALCULATION RESULTS

To demonstrate the actual value of the SDHE in semi-
conductor QWs, we first present results of our simulations
for Al 4gng s0AS/INg 5452 47AS/Alg 4dNosAS (IGA) sym-
metrical QWSs, which possessed the well-developed growth
technology. The parameters taken in this calculation are the
following: E4;;=0.813eV, E4,=1.508¢eV, A;=0.361¢€V,
A,=0.332eV, m;(0)=0.04Im;, m,(0)=0.075My, €;
=14, e,=12.5, andV,=0.504 e\** (m, is the free electron
mas$. Secondly, we present our calculation results for CdTe/
InSb/CdTe(IS) QWs [whereEy;=0.24eV, Eg,=1.59eV,
A;=0.81eV, A,=0.8eV, my(0)=0.015n,, m,(0)
=0.08m,, €,=16.8,€,=10.2, andV,=0.55e\?**%; these
demonstrate about the largest spin-coupling effects. In all
calculations, we assure the validity of the one-subband scat-
tering model, when the intersubband gap is larger than the
energy of thep-direction motion:E,<E,,—E;,. This al-
lows us to consider scattering of electrons with the following
wave vectors: for the IGA structures with<30nm—k
<kr=2.5@%)"! (the electron concentrationn=3.5
X 10" cm™2); for the IS structures with. <30 nm—k<Kkj
=6.6(ag) 1(n=3x10"cm ?). Notice, thata} is taken
different by definition for the different types of the systems.
We also assume in all our calculations the polarization of the
2-D electron gas to be 50%.

Two contributions to the total SDHAAS® and 65 come

with the electron Fermi wave vector defined as the follow-with different signs and different dependencies on the QW

ing:
2=[27n(1+sP)]*2 (30)

The tangent of the spin-dependent Hall an@®HA) is the
sum of two tangents, and can be presented as

tan fy) = tan( 659 + tan( 63, (31)
where
O's ()'S
tan 659 = —>  tan63)= —, (32)
g g
and
e’k¥
Te= 7= Tmlp=0- (33)

width, the electron and impurity concentratiorﬁﬁ.J does not
depend on the charge and concentration of the impurities,
and obviously increases when the electron concentration in-
creases. At the same timé;°> depends on the charge of
scatterers(see Ref. 18 and on their concentratiofit de-
creases whei;,, increases This generates a complicated
interplay betweengZ® and 65 contributions to the total
SDHA 6,. In Fig. 1, we present the ratip=| 657657 as a
function on the electron concentration for two types of scat-
terers located in the center of the IGA well with=20 nm.

The concentration of scatterers and concentration of the elec-
trons are taken to be equat=N,. It follows from the
figure that for the repulsive potentiaZ & —1) the skew-
scattering mechanism is always predominant. For the case of
the attractive impurities4= +1), each of them can be pre-
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FIG. 3. (a) The absolute value of the SDHA in the IGA QW afiil the ratio

FIG. 2. (8) The absolute value of the SDHA in the IGA QW afirl the ratio 7 as the function of the well widthn=N;,=10"cm 3 a: Z=—1,b: Z
7 as the function of the electron concentratioN,(=10"cm 3, L =+1).
=20nm;a Z=-1,b: Z=+1).

ductor systems essentially different from those in the bulk. In
. . . . three-dimensional systems, we only can manipuhate. In
dominant for certain concentrations; for the concentrations, yqition we notice that the SDHA in the QWs is signifi-
_ —~ 0 —2 H '
near n=Nip~3x10%m*, those two mechanisms can cantly larger(in few orderg than it was for the bulk(see

cancel each other. . . _Refs. 30, 31, and 36In addition, the effect is easily tunable
The actual magnitude of the total SDHA as the functlonm QWs

of the electronic concentration for the IGA well is presented

in Fig. 2@@). In thlslflgtirze we f|>_<ed the |_mpur|ty conce_zntra- V. CONCLUSIONS

tion to beN;,=10"*cm™2. Despite the different behavior of _ _ . .

the angle for systems with attractive and repulsive impuri- ~ We described theoretically the SDHE in semiconductor

ties, both demonstrate quite measurable magnitudes. Figuf@Ws when the 2-D electrons are scattered and form the
2(b) clearly shows that the skew-scattering mechanism domiscreened Coulomb centers located in the center of the wells.
nates for systems both with attractive and repulsive impuri-T he one-ele'ctronic-ba.nd eff.e.ctive Hamiltonian and SO cou-

ties up to the very high concentrations of the 2-D electronsPling potential of the impurities allow us to solve the 2-D

In addition, one can manipulate the effect in 2-D systemsspin-dependent Boltzmann equation and to calculate the
with a variation of the well width. The impact of the well SDHA at zero magnetic field. We have found large SDHAs

width on the skew-scattering mechanism is discussed in ddor AllnAs/InGaAsAs/AllnAs and CdTe/InSb/CdTe sym-
tail in Ref. 18. The main result is the following: the effect metrical QWs. For instance, in the CdTe/InSb/CdTe narrow
always decreases when the well width increases. The depeRWS the SDHE can reach 2.0~ *rad. This could be de-
dencies of the totalSDHA) on the well width for the IGA  tected in the measurements of the Hall effect at low tempera-
wells are demonstrated in Fig. 3. The figure shows that théures, and this is potentially useful in integrated electron
side-jump contribution can make the effect stable for the

well width variations in the case of the attractive impurities. 3
The SOl is known to be larger in narrow-gap semicon-

ductors. For this reason, we show in Fig. 4, as an example, 28 b

the calculation results for the IS wells. We consider here only 526

the QWs with repulsive impurities, in which we can expect = e

(as it follows from the IGA wellsthe most interesting result. §2'4

In this case the total SDHA reaches about?1® °rad for )

the relatively narrow wells, and it increases when the elec-

tron concentration increases. X0 15 20 25 30
These results show how one can manipulate the forma- L (nm)

tion of the effect mechanisms and magthde as well byFIG. 4. The absolute value of the SDHA in the IS QW with repulsive

means of changes in the system paramete/f,,L). This  impurities as the function of the well widthNg,=10"cm 3, a n=>5
possibility makes properties of the SDHE in 2-D semicon-x10®cm™3, b: n=10"cm™3).
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