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We theoretically study the influence of the spin—orbit coupling (SOC) on the in-plane optical anisotropy (IPOA)
induced by in-plane uniaxial strain and interface asymmetry in (001) GaAs/AlGaAs quantum wells (QWs) with different
well width. It is found that the SOC has more significant impact on the IPOA for the transition of the first valence subband
of heavy hole to the first conduction band (1H1E) than that of 1L1E. The reason has been discussed. The IPOA of (001)
InGaAs/InP QWs has been measured by reflectance difference spectroscopy, whose amplitude is about one order larger than
that of GaAs/AlGaAs QWs. The anisotropic interface potential parameters of InGaAs/InP QWs are also determined. The
influence of the SOC effect on the IPOA of InGaAs/InP QWs when the QWs are under tensile, compressive or zero biaxial
strain are also investigated in theory. Our results demonstrate that the SOC has significant effect on the IPOA especially for
semiconductor QWs with small well width, and therefore cannot be ignored.
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1. Introduction

It is well known that in-plane optical anisotropy (IPOA)
of (001)-grown zinc-blende quantum wells (QWs) can be in-
duced when the symmetry is reduced from Dy, to Gy, 1701
There are many factors that can induce this symmetry re-
duction effect (SRE), such as anisotropic-chemical-bond ar-
rangement at the interfaces,!!! uniaxial strain along the
[110] direction,*""1 segregation effect of atoms,!®!% and
anisotropic interface structures.!!!'~!3] These SREs introduce
coupling of the heavy-hole (HH) bands and light-hole (LH)
bands, which results in IPOA of QWs. Ivchenko et al. stud-
ied the IPOA induced by the coupling of HH and LH by
tight-binding model,['*] while Krebs ef al. investigated it by
introducing “B” and “F” operators into the traditional k - p
theory.l!l Then, Chen er al. studied it by using perturba-
tion theory incorporating the effect of C,, interface symmetry
based on the envelope function approximation.!!!l It is worth
noting that, these SREs will also introduce the coupling be-
tween the HH, LH bands and the spin—orbit spin-off (SO)
bands. However, no report has concerned the influence of the
coupling between HH, LH, and SO bands on the IPOA of QWs
so far.

In this paper, we theoretically study the influence of the
spin—orbit coupling (SOC), i.e., the coupling between HH, LH
bands and the SO bands, on the [POA induced by in-plane
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uniaxial strain and interface asymmetry in (001)-oriented
GaAs/AlGaAs QWs with different well widths. We find that
the SOC has more significant impact on the IPOA for the tran-
sition of 1HI1E (the first valence subband of heavy hole to the
first conduction band) than that of 1L1E (the first valence sub-
band of light hole to the first conduction band). The IPOA
of (001) InGaAs/InP QWs has been measured by reflectance
difference spectroscopy, whose amplitude is about one order
larger than that of GaAs/AlGaAs QWs. The anisotropic inter-
face potential parameters of InGaAs/InP QWs are also deter-
mined. Then, we also theoretically investigate the influence
of the SOC effect on the IPOA in (001)-oriented InGaAs/InP
QWs under tensile, zero, and compressive biaxial strain with
different well width. Our results demonstrate that the SOC has
significant effect on the IPOA especially for semiconductor

QWs with small well width, and therefore cannot be ignored.

2. Theory

Based on the theory of Luttinger—Kohn and Bir-Pikus,
and adopting the hole mixing induced by strain and the two in-
terfaces as perturbation, the valence-band structure of a semi-
conductor can be described by the following 4 x4 Hamiltonian

in the envelop-function approach: 1131

H=H,+H', ey
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Here ¢;; is the strain tensor; ¥i, 7>, and y3 are the Luttinger
parameters; ay, b, and d are the Bir—Pikus deformation po-
tentials; A is the spin—orbit spin-off energy; P; and P, are
the interface potential parameters of the upper and lower in-
terfaces, respectively, which are used to describe the effect
of Gy, interface symmetry; z = +w/2 indicates the positions
of the interfaces. Here, x || [100] and y || [010]. The bases
for the Hamiltonian H are |3/2,3/2),|3/2,1/2),|3/2,—1/2),
and |3/2,—3/2). It can be seen from the Hamiltonian H’ that,
the strain and interface potential can introduce the coupling of
the heavy and light holes.

Actually, the strain and interface potential will also result
in the coupling of the SO bands with heavy- and light-holes
bands.

band structure should be described by the following 6 x 6
11,15]

If this coupling is taken into account, the valence-

Hamiltonian:[

H=H,+H, 2
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with the bases |3/2,3/2), 13/2,1/2), |3/2,—1/2), |3/2,
—3/2),11/2,1/2), and |1/2,—1/2).

For a QW grown along [001] (z) direction, the energies
and the envelope functions of valence subbands can be ob-
tained by solving the effective-mass equation

Y [Huy +Va(2)8uvFu (R, 2) = E(ky)Fu(ky,2),  (3)

\4

where 11, v € {|3/2,3/2),13/2,1/2),13/2,—1/2),13/2,~3/2),]1/2,

1/2),]1/2,—1/2)} for 6-band k- p theory, and u,v €
{13/2,3/2),13/2,1/2),13/2,—1/2),13/2,—3/2)} for 4-band
k - p theory. Here H is the Luttinger—-Kohn Hamiltonian de-
scribed by Eq. (1) (for 4-band) or Eq. (2) (for 6-band), and
Va(z) is the quantum-well potential for holes. The envelope
function component F, can be written as!!>!

Fy(ky,m) = Fy (ky,2)e 1, @

where k|| = k,& + kyg, and p = x& + yg. The wave vector .
is interpreted as a differential operator —id/dz. Since exci-
tonic effect is dominant for interband transition in an undoped
QW sample, we can evaluate the IPOA of the sample by only
taking into account the contribution of anisotropy at k = 0.!16]
Thus, adopting k, = k, = 0, k; = —id/dz, and using the fi-
nite difference method, we can obtain the energies and enve-
lope functions of holes numerically. Similarly, the energies
and envelope functions of electrons can be obtained by the
single band k - p theory. Then the IPOA can be calculated,
which is described by the anisotropic transition probability
AM = My10 — M,3,. Here Mo denotes the transition prob-
ability when the incident light is polarized along the [110] di-
rection, i.e., for the transition 1H1E, Mlll%lE = (fie|Z110] f11)>
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where fig (fin) is the envelope function of the first electron
subband (the first heavy-hole subband), and #j is the op-
erator describing the transition probability when the incident
light is polarized along the [110] direction.

In order to see clearly the influence of the uniaxial strain
and interface potential on the IPOA when the SOC effect is
taken into account, we discuss them separately. In Section 3,
we will first discuss the IPOA induced by uniaxial strain and
interface potential in the lattice matched GaAs/Al,Gaj_,As
QWs, and then we determine the interface potential in In-
GaAs/InP QWs, and further theoretically study the influence
of the SOC effect on the IPOA when the QWs are under ten-
sile, compressive, or zero biaxial strain.

3. Results and discussion
3.1. GaAs/AlGaAs quantum well

For GaAs/Al,Ga;_,As QWs, we should first evalu-
ate the value of the interface potential Py. According to
Ref. [11], Py =400 meV-A for AlAs/GaAs interface. Thus, for
Alp 34Gag g6As/GaAs QW, Py can be adopted to be 136 meV-A
by linear interpolation.!'!l If we only consider the uniaxial
strain along the [110] direction, we have

€xx = €y = €z = €7 = €5, = 0,
€xy # 0,
P =P =h. )

If we only consider the effect of interface potential, we have

€ij = 07 (i,jzx,y,z),
P # P =h, (6)

and AP = P; — P is used to characterize the asymmetry degree
of the two interfaces. Figure 1 shows the calculated interface-
and uniaxial strain-induced anisotropic transition probabilities
AM of 1HI1E, 1L1E and their ratio in GaAs/Aly34Gag gcAs
QWs as a function of well width. The solid and dashed lines
indicate the results calculated by 4-band and 6-band k - p the-
ory, respectively. It can be seen that, the interface-induced
anisotropic transition probability AM decreases as the the well
width is increased, while that induced by uniaxial strain firstly
decreases and reaches a minimum at well width about 2 nm,
and then increases almost linearly with the well width. SOC
will introduce additional IPOA, and its value depends on the
well width. Figure 1(c) displays the ratio of AM of 1HIE to
that of 1L1E, from which we can see that the variation trend
of the value of AM yig/AM;11g induced by uniaxial strain
is different from that induced by interface. That is, the for-
mer one increases with the increasing well width, while the
latter one decreases with the well width. Besides, the ratio
AM iy 1g/AM 1 iE obtained by 6-band k- p theory with the SOC

effect taken into account is larger than that obtained by 4-band
k - p theory, which indicates that the SOC has more significant
influence on the IPOA for 1HI1E than that for 1L1E.

0.012 + (a)\lnterface

. - - - 6 band
| —— 4 band ]
0.006 S~ 1mm

= ot - .

< =~ TILIE
—0.006F - ]

/

—0.012} ]

0.12 | (b) uniaxial strain J

006 ~1HIE __--

S - - -6 band
z 0f —— 4 band ]
—0.06 ]
70.12 i 1 1 1 1 1 1
. t t t t t
s —1.0f(c) = ]
= o .
E —1.1F L I E
< 19 e e LR
do 19t -
E Oobpgopoooo0ohB
- —13¢f - ---6-band uniaxial strain T
E , O 6-band interface
< —1.4r 4-band uniaxial strain b
®  4-band interface
_1.5 . . ) . .

2 4 6 8 10

Well width/nm
Fig. 1. (color online) Calculated (a) interface- and (b) uniaxial strain-
induced anisotropic transition probabilities AM (AM = Mo — M, j,) of
1H1E and 1L1E in GaAs/Alp 34Gag g6 As QWs vs well width. The solid
and dashed lines are the results calculated by 4-band and 6-band k - p
theory, respectively. (c) The ratio of AM of 1HIE to that of 1L1E as a
function of well width. The dashed and solid lines indicate the results
obtained by 6-band and 4-band k - p theory when we only consider the
influence of biaxial strain, respectively. The lines and squares denote
the results induced by uniaxial strain and interface potential, respec-
tively.

A perturbation approach can help us understand the above
results. If there is a mixing between k state and &’ state caused
by the perturbation potential AV, then under the first-order ap-
proximation, the envelope function of the k state can be written

as
v =y + v (), ™)
y= ¥ WAV o, ®)
KK & — &y
Here w}go) is the pure state wave function without hole mix-

ing effect, 8,50) is the energy of the k state without hole mixing

effect, and (K'|AV|k) is the hole-mixing strength between &’
state and k state. Thus, if the SOC effect is taken into account,
the wave function of 1H and 1L can be described by

1L|AV;|1H SO|AV,|1H
o= : ((|)) l‘(0) >1If1(1(i) < (0|) 2|(0) >WS((()))+W1(?{)a )
€in — &L € — &0
1H|AV;|1L
ViL = w%@
0) _ .(0)
&L — €
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(SO[AVS|IL) (o) , 0
IL ~ %o
Here AV; (i = 1,2,3) are the elements that will introduce hole-
mixing effect, and they are given by

AVi = R.+Rip, (11)
AVy = V2(R.+Rin), (12)
AV = V2(0r+ Qo). (13)

' if there is a

According to the perturbation approach, |
mixing between subband of mH and nL (mH denotes the sub-
band of mth heavy hole) caused by AV, the anisotropic transi-

tion strength of mHI1E is proportional to
(1E|mH)(mH|AV |nL){(nL|1E)

) (14)
‘6mH*8nL|

where (1E|mH) is the overlap integral of 1E and mH subband.
Thus, taking into account the SOC effect, we can express the
anisotropic transition probability of IH1E and 1L1E as

2v/3 (IL|AV;|1H)

AMinig =
R
2v/6 (SO|AV,|1H)
3 L0 L0 {s)
€1H —&o
AM 2v/3 (1H|AV{|IL) ~ 21/6 (SO|AV;|1L)
ILIE = 7377 0) _ (0 3 _0)_ 0
€L — € &L —&o
gy
&L —&n

It can be seen that SOC will introduce additional contribu-
tion to the anisotropic transition probability AM. Specifically
speaking, it influences AM in two ways. Firstly, the SO band
will push the HH and LH bands upward, and make them closer
to each other. Since AM of 1HI1E or 1L1E is inversely propor-
tional to the energy difference between subband of 1H and 1L,
SOC effect will lead to larger AM. Secondly, SOC will in-
troduce additional coupling between SO band and 1H or 1L
bands, thus resulting in larger AM. According to Egs. (15)
and (16), the additional contributions to AM induced by SOC
are

2v/6 (SO|AV;|1H)

AMso = =SS for THIE, A7)
€1 — &0
21/6 (SO|AV3|1L) (1H|AV; | 1L
AMgy = 2Y8 (SOIAVS|IL) (IHIAVI|IL) o e 1)
300 00
1L SO 1L 1H

Thus, denoting

2v/3 (IL|AV;|1H)

0 0) ’
T e

AMy =

and according to Egs. (15) and (17), we have, for 1HIE,

AMy,  AVi |en — &0
AMso  2AV, lemm—el’

19)

and
AMso ! (20)
AMiora [1 1|£1H_£SO|:| '
2 letg— &

Here, AMiya1 = AM 1. + AMso. Thus, we can estimate the
contribution of SOC to the total AM for IHIE by Eq. (20). In
the following, we will discuss how the SOC effect influence
the AM by the two ways mentioned above, respectively.

Figure 2 shows the energy difference between 1L
and 1H obtained by 4-band and 6-bank k - p theory for
GaAs/Aly34Gag gsAs QW, respectively. The lines and squares
indicate the results induced by the uniaxial strain and interface
potential, respectively. It can be seen that, there is no dis-
tinct difference for €11, — €1y between that induced by uniaxial
strain and interface potential. However, the value of €1, — &1
obtained by 6-band k - p theory is smaller than that obtained
by 4-band k - p theory when the well width is smaller than
5.3 nm, indicating that the SOC effect reduces the energy dif-
ference between 1L and 1H for this range of well width. The
value of €1, — €1y obtained by 6-band theory shows the max-
imum difference (about 5 meV) than that obtained by 4-band
theory when the well width is 2 nm. However, when the well
width is larger than 5.3 nm, the value of & — &y obtained
by 6-band k - p theory is a little larger than that obtained by
4-band k - p theory.

50 - - - 6-band uniaxial strain ]
N 0 6-band interface ]
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40t m 4-band interface i
%
g 3 4
<
o=}
kiI 30 i
E - 4
20 B
10 1 1 1 1 1
0 2 4 6 8 10

Well width/nm

Fig. 2. Energy difference between 1L and 1H obtained by 6-band and
4-band k - p theory. The lines and squares indicate the results induced
by the uniaxial strain and interface potential, respectively.

Figure 3 shows the ratio of AMso contributed by SOC
effect to the total AM as a function of well width. The
lines and squares are the numerical results obtained by k - p
theory, while the “triangles on line” are the results obtained
by Eq. (20). It can be seen that, the value of the ratio
AMso /AMiora depends on the well width for both 1H1E and
1L1E. Their values first increase with the well width and reach
a maximum when the well width is 2 nm, and then decrease
with the well width. When the well width is about 2 nm, the
SOC effect will lead to about 24% increasement for the AM
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for 1H1E, while about 10% increasement for 1L1E. This im-
plies that the SOC has more significant impact on the IPOA
for the transition of 1HI1E than that of 1L1E, which can be
attributed to the fact that the additional contribution AM in-
duced by SOC for 1LIE is nearly one order smaller than that
for 1H1E, as shown in Eqgs. (17) and (18). Besides, there is
no significant difference for AMgo/AMo between that in-
duced by uniaxial strain and interface potential. In addition,
for 1HIE, the value of AMso /A Mg estimated by Eq. (20) is
about 25% larger than that obtained numerically by k - p the-
ory when the well width is smaller than 2 nm, while about 15%
smaller when the well width is larger than 2 nm. Therefore,
equation (20) provides us a convenient method to estimate the
degree of the influence of SOC to the [POA.

o5 L ' ' —IlHlE str:&xin numeri(‘fal i
5 - — -1L1E strain numerical
® 1HIE interface numerical{
0 1L1E interface numerical
X 201 —a—1HIE strain analytical |
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Fig. 3. (color online) The ratio of AMsgo contributed by SOC effect to
the total AM as a function of well width. The lines and squares are the
numerical results obtained by k - p theory, while the “triangles on line”
are the results obtained by Eq. (20).

3.2. InP/InGaAs quantum well

Now let us look at the influence of the SOC effect on the
IPOA in In,Ga;_,As/InP QWs, in which the well and the bar-
rier do not share common atoms. Firstly, we should estimate
the interface potential parameter. In order to obtain this value,
we measure the IPOA of an Ingys57Gag43As/InP QW with a
well width of 2 nm by reflectance difference spectroscopy
(RDS). RDS is an interface-sensitive and non-destructive tech-
nique, and it can measure precisely the relative reflectance dif-
ference between the [110] and [110] direction,!'71 i.e., Ar/r=
2(r110 — r1i0)/ (110 + r170)- It is first invented by Aspnes 7!
and further developed into yRDS with sub-pm spatial reso-
lution by Cardona and co-workers.'’! The setup of the RDS
is described in Ref. [18]. The reflectance spectra can be ob-
tained at the same time with the RDS measurements. 3! Thus,
we can obtain the AR/R spectra. Here R is the reflectivity
of the sample and AR is the reflectivity difference between
samples with and without QW layers. The degree of polar-
ization (DP) of a particular transition, which is defined as
(Mi10 —M,i9)/(Mi110 + M) in the literature (Mo denotes
the transition probability when the light of incidence is polar-
ized along [110] direction), can be obtained from the Ar/r and

AR/R spectra by the following equation:!!]

_ |Ar/r|
~ |AR/R]

2y

Figure 4 shows the reflectance difference (RD) spectrum
Ar/r and AR/R spectrum of an Ing 57Gag 43As/InP QW with
a well width of 2 nm measured at room temperature. Thus,
we obtain the DP value for the transition of 1HIE is 17.4%
by Eq. (21). This value is much larger than that obtained
in a GaAs/AlGaAs QW (0.7%),1'!1 due to the inherent non-
equivalence of the interface bonds in the “no-common-atom”
InGaAs/InP QW.!>!"l Since the chemical bond on the upper
interface is different from that on the lower interface, we can
assume that P; # P,. Thus, assuming that one of the inter-
face potential (P; or P») equal to the theoretically estimated
interface potential Py, we can obtain the other interface poten-
tial by fitting the theoretical DP to the measured DP. Hence,
we should firstly theoretically estimate the interface poten-
tial parameter Py by the boundary conditions (BC), the per-
turbed interface potential (HBF), the averaged hybrid energy
difference of interface (AHE) and lattice mismatch models. 2!
Given that BC model is equivalent to HBF model, we only
need to consider one of them. Thus using HBF, AHE, and lat-
tice mismatch model and adding them up, we obtain the value
of Py = 415 meV-A for In,Ga;_,As/InP QW with x = 0.57.
Adopting P, = Py, we only need to determine the parameter
Py by fittings. By careful calculation, we find that if we adopt
Pi =520 meV-A, i.e., AP = P| — P, = 105 meV-A, the DP
value can be well fitted by 6-band k - p theory, while the DP
value obtained by 4-band k - p theory is much smaller (about
66% smaller) than that obtained in experiments. This indicates
that the SOC effect play an important role in the IPOA of the
InGaAs/InP QW.

V)

I
—

AR/R)/107° (Ar/r)/107°

~— — PR S R SRR 1

0.8 0.9 1.0 1.1 1.2
Photon energy/eV

Fig. 4. (a) RD spectrum and (b) AR/R spectrum of a Ing s7Gag 43 As/InP
QW with a well width of 2 nm measured at room temperature.

Obtaining the interface potential parameter, we can the-
oretically investigate the influence of the SOC effect on the
IPOA when the QW is under tensile, compressive and zero
strain. When the indium (In) concentrations are x = 0.46,
0.468, 0.57, the In,Ga;_,As/InP QWs are under compressive,
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zero strain, and tensile biaxial strain, respectively. The biaxial
strain can be calculated by the following equations:

ag—a
o = Gy = (22)
2C12
€z = _Tnexxa (23)

where a( and a are the lattice constants of the substrate and
the layer material, and C;; and C, are the stiffness constants.
Then the biaxial strain for InGaAs/InP QWs with the investi-
gated In concentration are

€ = €y = —5.54x107% ¢, =547 x 107*, forx = 0.46,
€xx = €y =€, =0, forx =0.468,

e = €y =7.1x1073 e, = —6.9x 1073, forx = 0.57.

It is worth noting that, if we only consider the biaxial strain,
ie., €x =€, #0, ;=0 (i # j), and P = P, the IPOA
for 1HIE and IL1E are all zero whether the SOC effect is
taken into account or not, according to Eqgs. (17) and (18).
Therefore, the biaxial strain alone is not enough to introduce
IPOA of the 1HIE and 1L1E. There must exist some other fac-
tors, such as inequivalent upper and lower interface, or shear
strain, to bring in IPOA into QWs. Since there exists inher-
ent non-equivalence of interface bonds in the two interface of
the “no-common-atom” InGaAs/InP QWs, which can be de-
scribed by the interface potential (i.e., P, # P;), we should
consider the interface potential together with the biaxial strain.
Using HBF, AHE, and lattice mismatch model, we estimate
the interface potential Py are 336, 334, and 415 meV-A for
x = 0.46, 0.468, and 0.57, respectively. Then, adopting P, =
Py, Py = P+ AP (AP = 105 meV-A), we can theoretically
calculate the anisotropic transition probability AM by 4-band
(solid lines for 1H1E, “filled squares on line” for 1L1E ) and 6-
band (dashed lines for 1L1E, “open squares on line” for 1L1E)
k - p theory when the In concentrations are 0.46, 0.468, and
0.57, respectively, in an In,Ga;_,As/InP QW with the well
width of 2 nm, which are shown in Fig. 5. Here we assume
that the value of AP is the same when the In concentrations
are x = 0.46, 0.468, and 0.57. It can be seen that, in the
In,Ga;_,As/InP QW, the SOC effect will make the AM value
nearly twice as large as that obtained by the model without
SOC effect. This can also be attributed to the following two
reasons, (i) SOC effect reduces the energy difference between
1HH and 1LH, and (ii) SOC effect introduces additional cou-
pling between 1H (or 1L) with the SO bands, thus enhance the
IPOA of the sample. The influence of the first reason can be
seen in Fig. 6, which shows the energies of valence subband
1HH and 1LH, and the energy difference between 1HH and
1LH of an In,Ga;_,As/InP QW as a function of well width for

x = 0.46, 0.468, and 0.57, respectively. The dotted and solid
lines indicate the results with and without SOC effect, respec-
tively. It can be seen that the HH and LH bands are pushed
upward by the SO band due to the quantum-mechanical level
repulsion. Besides, the SOC effect also makes the 1HH and
1LH closer to each other especially when the well width is
small, which will enhance the IPOA of the sample according
to the Eqgs. (17) and (18). Figure 7 displays the ratio of AMgo
contributed by SOC effect to the total AM as a function of
well width obtained by k - p theory. It can be seen that the
SOC effect will make the AM enhance about 40% for 1H1E
and about 20% for 1L1E when the In concentration is 0.46 or
0.468 at well width of 2 nm. As the increase of well width, the
ratio of AMgo to AM;o decreases. From Fig. 5, we can see
that, there is a sign reversion for the AM of 1HI1E and 1L1E at
a particular well width when the In concentration is 0.57. This
is because at this particular well width (6.4 nm for 4-band, and
4.8 nm for 6-band), there exists an anticrossing of energies for
IHH and 1LH bands, which can be clearly seen in Fig. 6(c).
Obviously, the value of AM will be greatly enhanced when
the well width is close to this critical well width, and the SOC
effect will reduce this critical well width. From above discus-
sions, we find that SOC effect has significant influences on the
[POA of the InGaAs/InP QWs especially for the transition of
1HI1E and for QWs with small well width.
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Fig. 5. (color online) The anisotropic transition probability AM ob-
tained by 4-band (without SO coupling) and 6-band (with SO coupling)
k - p theory when the In concentration is (a) 0.46, (b) 0.468, and (c)
0.57, respectively, in an In,Ga;_,As/InP QW with the well width of
2 nm.
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Fig. 6. (color online) The energies of valence subband 1HH and 1LH of an In,Ga;_,As/InP QW as a function of well width for (a) x = 0.46, (b) 0.468, and
(c) 0.57, respectively. The energy difference between 1L and 1H of an In,Ga;_,As/InP QW as a function of well width for (d) x = 0.46, (e) 0.468, and (f)
0.57, respectively. The solid and dotted lines are the results obtained by 4-band and 6-band k - p theory, respectively.
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Fig. 7. (color online) The ratio of AMsgo contributed by SOC effect to
the total AM as a function of well width obtained by k - p theory. The
squares, lines and triangles indicate the results corresponding to the In
concentration of 0.57, 0.468, and 0.46, respectively.

4. Conclusions

In conclusion, we theoretically study the influence of the
SOC effect on the IPOA induced by in-plane uniaxial strain
and interface asymmetry in (001) GaAs/AlGaAs QWs with
different well width. It is found that the SOC has significant
impact on the IPOA, especially for the transition of 1HIE.
This is because (1) the SOC effect reduce the energy differ-
ence between 1HH and 1LH, and (2) the SOC effect intro-

duces additional hole mixing effect between 1H (or 1L) and
SO bands. The IPOA of (001) InGaAs/InP QWs has been
measured by reflectance difference spectroscopy, whose am-
plitude is about one order larger than that of GaAs/AlGaAs
QWs. The anisotropic interface potential parameters of In-
GaAs/InP QWs are also determined by fitting the theoretical
calculated DP to that measured by experiments. We also the-
oretically investigate the influence of the SOC on the IPOA in
the InGaAs/InP QWs when the QWSs are under tensile, com-
pressive or zero biaxial strain. Our results demonstrate that the
SOC has significant effect on the IPOA especially for semi-
conductor QWs with small well width, and therefore cannot

be ignored.

References

[1]

[2]
[3]

[4]
[5]

[6]
[7]

017806-7

Krebs O, Rondi S, Gentner J L, Goldstein L and Voisin P 1998 Phys.
Rev. Lett. 80 5770

Krebs O and Voisin P 1996 Phys. Rev. Lett. 77 1829

Tang C G, Chen Y H, Xu B, Ye X L and Wang Z G 2009 J. Appl. Phys.
105 103108

Tang C G, Chen Y H, Ye X L, Wang Z G and Zhang W F 2006 J. Appl.
Phys. 100 113122

Voon L 1997 Appl. Phys. Lett. 70 2446

Ye X L, Chen Y H, Xu B and Wang Z G 2002 Mat. Sci. Eng. B 91 62
Rau G, Glanfield A R, Klipstein P C, Johnson N F and Smith G W 1999
Phys. Rev. B 60 1900


http://dx.doi.org/10.1103/PhysRevLett.80.5770
http://dx.doi.org/10.1103/PhysRevLett.80.5770
http://dx.doi.org/10.1103/PhysRevLett.77.1829
http://dx.doi.org/10.1063/1.3132089
http://dx.doi.org/10.1063/1.3132089
http://dx.doi.org/10.1063/1.2399308
http://dx.doi.org/10.1063/1.2399308
http://dx.doi.org/10.1063/1.118852
http://dx.doi.org/10.1016/S0921-5107(01)00971-0
http://link.aps.org/doi/10.1103/PhysRevB.60.1900
http://link.aps.org/doi/10.1103/PhysRevB.60.1900

Chin. Phys. B Vol. 23, No. 1 (2014) 017806

(8]
(91
[10]
[11]
[12]

[13]

Liarokapis E, Papadimitriou D, Rumberg J and Richter W 1999 Phys.
Status Solid B 211 309

Shen H, Wraback M, Pamulapati J, Newman P G, Dutta M, Lu Y and
Kuo H C 1993 Phys. Rev. B 47 13933

YuJ L, Chen Y H, Tang C G, Jiang C Y and Ye X L 2011 Nanoscale
Res. Lett. 6 210

Chen Y H, Ye X L, Wang J Z, Wang Z G and Yang Z 2002 Phys. Rev.
B 66 195321

Gourdon C, Mashkov IV, Lavallard P and Planel R 1998 Phys. Rev. B
57 3955

Braun W, Trampert A, Daweritz L and Ploog K H 1997 Phys. Rev. B
551689

[14]
[15]
[16]

[17]

[18]
[19]

[20]

017806-8

Ivchenko E L, Kaminski A Y and Rossler U 1996 Phys. Rev. B 54 5852
Chao C'Y and Chuang S L 1992 Phys. Rev. B 46 4110

Ye X L, Chen Y H, Wang J Z, Wang Z G and Yang Z 2001 Phys. Rev.
B 63 115317

Aspnes D E, Harbison J P, Studna A A and Florez L T 1988 J. Vac. Sci.
Technol. A 6 1327

Chen Y H, Ye X L, Xu B and Wang Z G 2006 J. Appl. Phys. 99 096102

Koopmans B, Santos P V and Cardona M 1998 Phys. Status Solid A
170 307

Chen Y H, Wang Z G and Yang Z Y 1999 Chin. Phys. Lett. 16 56


http://dx.doi.org/10.1002/(ISSN)1521-3951
http://dx.doi.org/10.1002/(ISSN)1521-3951
http://dx.doi.org/10.1103/PhysRevB.47.13933
http://dx.doi.org/10.1186/1556-276X-6-210
http://dx.doi.org/10.1186/1556-276X-6-210
http://dx.doi.org/10.1103/PhysRevB.66.195321
http://dx.doi.org/10.1103/PhysRevB.66.195321
http://dx.doi.org/10.1103/PhysRevB.57.3955
http://dx.doi.org/10.1103/PhysRevB.57.3955
http://dx.doi.org/10.1103/PhysRevB.55.1689
http://dx.doi.org/10.1103/PhysRevB.55.1689
http://dx.doi.org/10.1103/PhysRevB.54.5852
http://link.aps.org/doi/10.1103/PhysRevB.46.4110
http://dx.doi.org/10.1103/PhysRevB.63.115317
http://dx.doi.org/10.1103/PhysRevB.63.115317
http://dx.doi.org/10.1116/1.575694
http://dx.doi.org/10.1116/1.575694
http://dx.doi.org/10.1063/1.2192150
http://dx.doi.org/10.1002/(ISSN)1521-396X
http://dx.doi.org/10.1002/(ISSN)1521-396X
http://dx.doi.org/10.1088/0256-307X/16/1/020

	1. Introduction
	2. Theory
	3.  Results and discussion
	3.1. GaAs/AlGaAs quantum well
	3.2. InP/InGaAs quantum well

	4. Conclusions
	References

