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Polaron Rashba effect in an asymmetric quantum dot

Shu-Ping Shan’, Shi-Hua Chen?, and Jing-Lin Xiao®

!College of Physics and Electromechanics, Fujian Longyan University, Longyan 364012, P.R. China
E-mail: ssping04@126.com

’Department of Electrical Engineering, Huzhou Vocational Technology College, Huzhou 313000, P.R. China

College of Physics and Electronic Information, Inner Mongolia National University, Tongliao 028043, P.R. China

Received November 4, 2013, revised December 9, 2013, published online April 21, 2014

We study the influence of polaron Rashba effect in an asymmetric quantum dot. Using variational method,
we derive the expression of the polaron ground state energy. We also discuss the dependencies of the ground
state energy on the wave vector and the transverse (longitudinal) effective confinement length. It is found that
the ground state energy splits into two branches due to the Rashba effect. The spin splitting energy is an increasing
function of the wave vector and the Rashba SO parameter.

PACS: 73.63.Kv Quantum dots;
71.70.Ej

Spin-orbit coupling, Zeeman and Stark splitting, Jahn—Teller effect;

72.20.Pa Thermoelectric and thermomagnetic effects.

Keywords: Rashba effect, asymmetric quantum dot, heavy hole characteristics, polaron.

1. Introduction

In recent years, with the development of nanofabrica-
tion technology, the semiconductor spintronics in low-
dimensional materials has drawn greater physicists’ atten-
tion in the world. It becomes possible to fabricate the elec-
tron device with bran-new physical properties by using
electron spin and even realize quantum memory and quan-
tum computation, and then improve rapidly the efficiency
of electron device. The spintronics is an intense research
topic in condensed matter physics as it has a potential im-
pact on information technology. The Rashba effect is a
major branch of the spintronics which plays an important
role in the field. Recently, there are many reports on the
Rashba effect in low-dimensional systems, especially in
quantum dot systems. For example, Y.S. Liu et al. [1] pro-
posed a pure thermoelectric spin generator based on a
Rashba quantum dot molecular junction by using the tem-
perature difference instead of the usual voltage bias differ-
ence. ZT of the molecular junction are calculated in terms
of the Green’s function formulism and the equation of mo-
tion technique. Johnson Lee ef al. [2] investigated the ef-
fect of the Rashba spin splitting and a magnetic field on the
energy levels of electrons in parabolic quantum dots. Elec-
tronic transport through a double quantum dot interferome-
ter with Rashba spin-orbit interaction was studied by X.J.
Liu et al. [3] with means of the slave-boson mean-field

© Shu-Ping Shan, Shi-Hua Chen, and Jing-Lin Xiao, 2014

approximation and Green function technique. Using the k.p
method and valence force field model, X.W. Zhang et al.
[4] discussed the Rashba spin splitting of the minibands of
coupled InAs/GaAs pyramid quantum dots. K.W. Chen et
al. [5] reported the quantum interference and spin accumu-
lation on double quantum dots with Rashba spin-orbit cou-
pling and electron interaction based on Keldysh non-
equilibrium Green’s function formalism. M. Governale [6]
presented results on the effect of spin-orbit coupling on the
electronic structure of few-electron interating quantum
dots. The ground state properties as a function of the num-
ber of electrons in the dot N are calculated by means of
spin-density functional theory. So much works are studied
about the influence of the electron Rashba effect in quan-
tum dot system. However, the study of the polaron Rashba
effect in the field is quite few so far. Considering the influ-
ence of the Rashba SO interaction on the condition of the
electron—LO phonon strong coupling in a parabolic quan-
tum dot, J.W. Yin et al. [7] calculated the bound polaron
ground state energy by the variational method of Pekar.
The condition of electric-LO phonon strong coupling in a
parabolic quantum dot was studied in detail by W.P. Li et
al. [8] and the polaron ground state energy was derived by
the variational method of Pekar, considering the influence
of the Rashba SO interaction.

In the present paper, we study the polaron Rashba effect
in an asymmetric quantum dot. First, we derive the expres-
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sion of the ground state energy of the polaron by using the
variational method of Pekar. Then, our numerical results
are presented and discussed. Finally, a brief conclusion is
drawn in our investigation.

2. Theory and model

We consider a polar crystal system in which an electron
with heavy hole characteristics is moving and interacting
with bulk LO phonons. Due to the phonon field and the
polar crystal boundary effect, the moving of the electron in
every direction is quantized. On the basis of effective mass
approximation, the Hamiltonian of electron—phonon sys-
tem in an asymmetry quantum dot can be written as

PZ
H= —+V(r)+2h(oL0a1tak +
2m r
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The first term denotes the kinetic energy of the electron
and the second term represents the three-dimensional ani-
sotropic harmonic potential in the x—y plane and z-
direction and it can be expressed as

1 1
V(r)= Emmfp2 +Emo)§z : )

The third and the fourth terms in Eq. (1) describe the
LO-phonon field and the interaction energy of the elec-
tron—LO phonon, respectively. The last term is the contri-
bution of the Rashba spin-orbit interaction. Where a;! ()
is the creation (annihilation) operator of the LO phonons
with wave vector k and the frequency w;,, r=(p,z) re-
fers to the position operator of an electron and ®;(®,) is
the measure of the transverse (longitudinal) confinement
strength of quantum doAt. Using the notation P, = P, + iP,,
6+ =6, 1i6, where P, & denote the electron momentum
operator and Pauli matrices, respectively. In semiconductor
structure, Rashba parameter ap is determined by many fac-
tors.

The Fourier coefficient for the interaction is described by

1/4
oo h 4mo |2
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k 2mm LO V

Here V' is the volume of the crystal and the electron—LO
phonon coupling constant is represented by c.
We then carry out the unitary transformation to Eq. (1)

U= exp[zaﬂfk —akfé‘} “)
k

where f} ( fk*) is the variational function to be determined
by minimizing the energy.

For the ground state of the system, we choose the fol-
lowing variational trial wave function
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refer to the up and down states of the spin, a and b are co-
efficients and |O>ph is the unperturbed zero-phonon state
which satisfies a ‘O>ph =0. The A and W are variational
parameters which can be determined by minimizing the
total energy of the system.

The expectation value of <\|I|U “HU | w) for the ground
state is

where

FOuu, fi, ) = (w|U™ HU | ) =
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Using the variational method, we get
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Substituting Eq. (7) into Eq. (6) and replacing the summa-
tion with integration, we have
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where Ep, E| are the ground state energy of the spin-up
and spin-down components with the spin-splitting energy
Ego = aRk3 and /| = Ji/mw;, |, = /h/mw, are the trans-
verse and longitudinal effective confinement lengths, re-
spectively.

From Eq. (8) we can see that the spin-splitting energy
Egp due to the Rashba effect is proportional to k> rather
than k. The reason is that the electron in conduction band
owns heavy hole characteristic, so that the spin-splitting
energy Eg is proportional to K.
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3. Numerical results and discussion

In this section, to show more obviously the influence of
the Rashba effect on the properties of the polaron in an
asymmetric quantum dot, we perform a numerical calcula-
tion. For the sake of simple, we choose the usual polaron
units (i=2m=w;nH=1). The results are presented in
Figs. 1-5.

Figure 1 presents the polaron ground state energy E, as
a function of the wave vector k for fixed ; =0.2, [, =0.4,
o.=5 and ap =0.05. The solid line, the dash dotted line
and the dotted line correspond to the cases of ground state
energy Ej, the spin-up splitting energy Ey and the spin-
down splitting energy E|, respectively. One can see that
the ground state energy will enhance with increasing wave
vector. This is because the first term in Eq. (8) is the con-
tribution of the wave vector to the ground state energy with
a positive value, which makes the ground state energy in-
crease with the increase of the wave vector. We can also
see from it that the ground state energy E splits into two
branches because of the Rashba effect and the energy spac-
ing between the spin-up and the spin-down becomes larger
with the increase of the wave vector. The origin of the in-
crease of the energy spacing is attributed to the increase of
wave vector k.

In Fig. 2 we plot the dependencies of the ground state
energy Ej, the spin-up splitting energy Ey and the spin-
down splitting energy E| on the transverse effective con-
finement length /4 with k=3, =5, ,=0.6 and
ap =0.05. The ground state energy E), the spin-up split-
ting energy Ey and the spin-down splitting energy E| as
functions the longitudinal effective confinement length /,
are shown in Fig. 3 for k=3, a=5, ,=0,2 and
ap =0.05. In the two figures, the solid line, the dash dot-
ted line and the dotted line correspond to the cases of
ground state energy Ej, the spin-up splitting energy Eq
and the spin-down splitting energy E|, respectively. From
Figs. 2 and 3, we can see that the polaron energies decrease
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Fig. 1. The dependencies of polaron ground state energy E( and
spin-up (spin-down) splitting energy Eq (£ ) on the wave vector
k.
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Fig. 2. The dependencies of polaron ground state energy E( and
spin-up (spin-down) splitting energy Eq(E]) on the transverse
effective confinement length /;.

when the transverse and longitudinal effective confinement
lengths increase. These can be attributed to the quantum
size effects. We can also see from the two figures that the
energy spacing between the spin-up and the spin down
becomes bigger with decreasing transverse and longitudi-
nal effective confinement lengths. Comparing Fig. 2 and
Fig. 3, we see that the influence of the Rashba effect on the
transverse effective confinement length is smaller than the
longitudinal effective confinement length.

Figure 4 illustrates the connection between the ground
state energy E, the spin-up splitting energy £y and the
spin-down splitting energy E| with the electron—LO pho-
non-coupling constant o for fixed k=3, , =04, , =0.8
and o, = 0.05. The solid line, the dash-dotted line and the
dotted line correspond to the cases of ground state energy
Ey, the spin-up splitting energy Ep and the spin-down
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Fig. 3. The dependencies of polaron ground state energy E and
spin-up (spin-down) splitting energy E4(£]) on the longitudinal
effective confinement length /,.
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Fig. 4. The connection of polaron ground state energy E, and
spin-up (spin-down) splitting energy Eq(£|) with the electron-
phonon coupling strength o.

splitting energy E|, respectively. It can be seen that the
polaron ground state energy is a decreasing function of the
electron—LO phonon coupling constant. Since the larger
the electron-phonon coupling strength is, the stronger the
electron—phonon interaction is. So it makes the electron
interact with more phonons. However, the fourth term in
Eq. (8) is the contribution of the electron—phonon coupling
strength to the polaron energy which is a negative value.
As a result the polaron energy will decrease with the in-
crease of the electron—phonon coupling strength. One can
also see from the figure that the change of the energy spac-
ing between spin-up and spin-down is zero with increasing
electron—phonon coupling strength. That is the coupling
strength has no influence on the Rashba effect. The fourth
term in Eq. (8) includes the electron—phonon interaction
energy. In calculating, we take a constant value to A and L.
So electron—phonon coupling strength is proportional to the
interaction energy. Therefore, we can get a conclusion that
the influence of the interaction between the electron and LO-
phonon on the Rashba effect also can be neglected.

Figure 5 indicates the spin-splitting energy Eg., change
with the wave vector & at different Rashba SO parameter
ap. The solid line, the dash dotted line and the dotted line
correspond to the cases of Rashba parameter ap =0.05,
ap =0.1 and ap = 0.2, respectively. We can see from the
figure that the spin-splitting energy will parabolic enhance
with the increase of the wave vector. Because the spin-
splitting energy Egy, is proportional to K. Hence, the spin-
splitting energy is an increasing function of the wave vec-
tor. From Fig. 1 and Fig. 4, it can be seen an interesting
phenomena that the spin splitting is zero near k£ = 0.
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Fig. 5. The change of polaron spin splitting energy Eg, with the
wave vector & at different Rashba SO parameter o .

4. Conclusion

In this paper we investigate the polaron Rashba effect in
an asymmetric quantum dot by using variational method.
We discuss the relations of the ground state energy varying
with the wave vector, the transverse effective confinement
length and the longitudinal effective confinement length. It
is found that the ground state energy splits into two
branches because of the Rashba effect. The results indicate
that the ground state energy and the spin-up (spin-down)
splitting energy increase with increasing wave vector, but
they decrease with the increase of the transverse (longitu-
dinal) effective confinement length. The spin splitting en-
ergy is an increase function of the wave vector and the
Rashba SO parameter.

1. Y.S. Liu, F. Chi, X.F. Yang, and J.F. Feng, J. Appl. Phys.
109, 053712 (2011).

2. J. Lee, H.N. Spector, W.C. Chou, and C.S. Chu, J. 4Appl.
Phys. 99, 113708 (2006).

3. XJ. Liu, H.T. Yin, W.L. Wan, H. Li, X.Z. Wang, and C.B.
Yao, Phys. Status Solidi B 248, 1735 (2011).

4. X.W. Zhang, Q. Xu, W.J. Fan, and J.W. Luo, S.S. Li, and
J.B. Xia, Appl. Phys. Lett. 92, 143113 (2008).

5. K'W. Chen and C.R. Chang, Phys. Rev. B 78, 235319
(2008).

6. M. Governale, Phys. Rev. Lett. 89, 206802 (2002).

7. JW. Yin, W.P. Li, Y.F. Yu, and J.L. Xiao, J. Low Temp.
Phys. 163, 53 (2011).

8. W.P. Li, J.W. Yin, Y.F. Yu, and J.L. Xiao, J. Low Temp.
Phys. 160, 195 (2010).

715


http://dx.doi.org/10.1002/pssb.201046404

	1. Introduction
	2. Theory and model
	3. Numerical results and discussion
	4. Conclusion


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /All

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.4

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.1000

  /ColorConversionStrategy /sRGB

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize false

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 1200

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages false

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 1200

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages false

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages false

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /PDFA1B:2005

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly true

  /PDFXNoTrimBoxError false

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<





    /CHS <>

    /CHT <>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>







    /HUN <>

    /ITA <>

    /JPN <>

    /KOR <>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-bestanden te maken die moeten worden gecontroleerd of die moeten voldoen aan PDF/A-1b, een ISO-standaard voor de langetermijnopslag \(archivering\) van elektronische documenten. Zie voor meer informatie over het maken van PDF/A-compatibele PDF-documenten de Acrobat-gebruikershandleiding. PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>





    /SKY <>



    /SUO <>

    /SVE <>





    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/A-1b, an ISO standard for the long-term preservation \(archival\) of electronic documents.  For more information on creating PDF/A compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



