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Abstract: Electrophonon resonance (EPR) effects are investigated in cylindrical quantum wires (CQWR) in the presence of a laser field
using a projection technique. We obtain the analytical expressions and graphs of absorption power. From graphs of the absorption power
we obtain line-widths as a profile of the curves. The dependence of line-widths on different factors is considered. The conditions for EPR
and optically detected electrophonon resonance (ODEPR) are also discussed.
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I. INTRODUCTION

The study of optical conductivity in low-dimensional
electron system has been considered as a special study by
both theoretical and experimental condensed matter
physicists in recent years. Numerous studies of two dimen-
sional electron-gas systems have been undertaken [1-3].
Unfortunately, the study of this phenomena in 1D electron
gas is still limited. The behavior of electrons in these systems
is affected by their interaction with phonons. Thus, the most
popular way to look into the structure of the systems is to
investigate the scattering mechanisms. Among the many
approaches to this problem, we are interested in the quantum-
statistical operator algebra technique [4, 5].

This paper focuses on the consideration of the optical
absorption power and half line-width of the electron system
in a cylindrical quantum wire. The paper is organized as
follows: First, we use many-body projection technique to
obtain the analytical expression of optical conductivity.
Next, we show numerical results for absorption power and
half line-width for electrons interacting with LO phonons.
Finally, the dependence of the width on the temperature
and on the wire's size will be discussed.

II. OPTICAL CONDUCTIVITY
AND ABSORPTION POWER

When an electromagnetic wave characterized a time-
dependent electric field of amplitude E, and angular

frequency @ is applied to a quantum wire along the z-di-
rection, the optical conductivity tensor o, (@) is given in
the linear response scheme as [4, 5]

o, (®) =(i/w) lim Tr{peq [(hZ)—L)_l stJZ} , (D
a—0"

where w=w—ia (a— 0 ), Ty means the many-body tra-
ce with basis states, |W)=(a;)" (ag)" .| ®); ny.ng,..
being the number operators for the occupied states «, 5 ...
and |CI)0> is the vacuum state. L, is the Liouville

e
operator, defined as L, X = [Heq,X j for an arbitrary
operator X,H,, is the Hamiltonian of a system of many
electrons interacting with phonons (or electrons) in thermo-
dynamic equilibrium, and p,, is the equilibrium density
operator. The many-electron current operator J, can be
written in terms of the single-electron current operator j,

as

J. =Y j*Payay, @)
a.p

where jl“’ﬁ E<a|j, |,B> and aj(a,)i s the creation
(annihilation) operator for the electron in the state |a>.
Then, the conductivity becomes

i of . —
0, (w)=— lim Z Z/fﬂjzyﬁAaﬁ (w), 3)
@ a—0 @B 7.5

— — -1
where 4,4(w) = Tr{peq [(ha)—Leq) a;as,a;aﬂ}}.
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Using the projection operator technique we obtain the
optical conductivity tensor [3]

i - ap|? Jo =/,
o (@=—lim 3 |(j)? = @« P @
@ a—0 a.B ha)_(Eﬁ—Ea)—Faﬂ(a))
where the line-shape function is:
— -1
B Tr{peq [Lva;aﬁ,(hw—Ld) L‘,a;;aa]}

(/5= 7a)
After a systematic calculation, we obtain:

” N +1 1—
(@ (fy~fp)= 23 |Cpy (@) {( (=1
q 7

ho—-E,+E, -ha,

Ny f,(=12)

ho-E,+E,-hao,

Ny fo (1= 1))

ho-E,+E,+hao,

A+N,)f, (0~ 1) } .

ho-E,+E,+ho,

(6)

(N, +Df, (1= f5)
ho—Egz+E, - ha,

. zz|ca7<q>|2{
qg v

N, fs(1=1,)
ha)—Eﬁ +E7 —ha)q

NSNS ENpfA-1) |
hw—Eﬁ+E7,+ha)q ha)—Eﬂ+E},+ha)q

Using Dirac identity lim (x—is)™" = P(1/x)+ind(x) we
obtain the optical condlféﬁ(%/ity in the form:

Re[o.. (w)]=
2 (fo = f5)B() ()

[no—(Eg —Ea)—A(co)}2 +[B(o)]

1
= 5 z ‘(Jz )ﬂa
a’ﬁ

In Eq. (7), A(w) and B(w) are related to the line-shift
and line-width of the absorption spectrum which can be
calculated from the following expression:

B@)fy ~ f3) =7Y. 3 |Cpy @) ¥
qg v

x A[(N,+D1,0=1)=N,1,(0=1)] x

X O(ho-E,+E,—ho,)+

+ [N, o= f)=(N, +D £, (1= £,) |+

S(hw-E, +E .+ ha)l+ry. > |Cyr (g
q 7

x ALV, +11,(0= £5) =N, f50- 1) ]

X 6(hw-Eg+E,—hay)+

(®)

+ [Ny £ 0= fp)=(N, +D f5(0- £)]
X 8(hw—Ez+E,+ha,)

We use the Lorentzian approximation in which A(w)
can be neglected in comparison with E, —E; because we
consider a very weak scattering effect and we adopt the
approximation that B(@)=B(Ez—E,)=B(Eg,), 1.e., we
assume that B(w) is a very slowly varying function of @
near the resonance point /w=E; - E,. The optical con-
ductivity, Eq. (7) is given by

Re[o,, (w)]=
:iz‘(j )ﬁa‘z (fo — fp)B(®) ©)
o= [ho—(E5—E,)-A@)] +[B@)]
The absorption power delivered to the system, P(w), is
given by [8]:

P(w) =E7§Re[azz (0)] (10)

III. ABSORPTION POWER
IN A QUANTUM WIRE

We consider a cylindrical quantum wire in which
electrons are confined in an infinite potential well. The
energy of electron is:

nk?

2m

n’ Ay,
2m'R?

E,=E, (k)= (11
The form factor characterizing the considering wire gets
the following form [6]:

R
2 x
) = j J‘n_n,‘(qR)\Pn,J. (Y, (rrdr  (12)
Ry
Generally, it is difficult to obtain the expression for the
form factor but using the specific form of wave function
corresponding to the lowest levels [6]:
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2
r
\PO,I z\/g(l - FJ»
(13)
3
r r
\Pil,lz\/ﬁ{E - FJ

we can write the form factor as follows:

24J5(¢qR)
(4R)’

48J,(qR)
(4R)’

B

Io101(q) =
(14)

[il,l,O,l (@)=

II1.1. Absorption power and line-width

Carrying out numerical calculations we plot the graphs
expressing the dependence of the absorption power on the

Absorption power [a.u.]

Laser frequency [x10" Hz]

laser frequency in the various const at value of temperature
or wire's radius. From these graphs we can obtain the
dependence of the line-widths on temperature or wire's
radius as profiles of curves.

In Fig. 1 we see that the curves of P(w) at different
value of temperature or wire's radius have peaks at specific
value of w. The distinction between these two graphs is
that the magnitude of absorption power increases with
temperature but decreases with radius. The situation is the
same as the half-width when we analyze the curves in
Fig. 2. It is clear that the half-width increases with tem-
perature and decreases with the wire's radius.

I11.2. Optically detected electrophonon resonance

From Delta-Dirac functions in Eq. (8) we obtained the
conditions for electron-phonon resonance in CQR with

Absorption power [a.u.]
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Fig. 1. Dependence of absorption power on photon frequency at different values of lattice temperature (on the left), and on the
wire's radius (on the right)
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Fig. 2. Dependence of half line-width on the lattice temperature (on the left) and on the wire's radius (on the right)
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Fig. 3. Dependence of o,.(w) on photon frequency at different values of the lattice temperature withn=1,n"=2,/=1+2 (on
the left), and n=1,n"=2, /=1, I’=1 (on the right)

infinity in the present of the laser field:

(AE), 1 tho =hay, (15)
From Eq. (15) we can see that there are two values of
w that satisfy this condition. This means that electrons in
the state with energy E absorb one phonon and may absorb
or emit one photon with energy Zw for transferring to the
new state. From the graph on the left of Figure 3 we can
see that there appear ODEPR resonances corresponding to
the electronic transitions that satisfy the resonance
conditions. The graph on the right of Fig. 3 shows that with
the fixed quantum numbers n =1, n’ =2, [=1, " =1), we
can see two resonance peaks corresponding to the
electronic transitions from initial state o to final state /3
with the absorption (the higher peak) and emission (the
lower peak) one photon. Figure 3 also exhibits the depend-
ence of the number of resonance peaks on temperature.

IV. CONCLUSIONS

We have calculated the absorption power for an
electron system interacting with LO-phonons in CQW
structures by using the formula derived from the projection
method with assumption of the Lorentzian line-shape. The

expressions of absorption power contain terms which prove
that all possible electron transitions, along with phonon-
nabsorptions and emissions, satisfy the energy conservation
law and the condition for optical transitions in solids.

From graphs of the absorption power we obtain line-
widths as profile of curves. The obtain graphs showed that
half line-widths decreased with the wire's radius and
increased with the temperature. The conditions for ODEPR
are independent of lattice temperature and the number of
resonance peaks depends on the specific transitions (the
value of quantum numbers identifying the energy levels).

References

[1] H.J. Kim, K.S. Yi, J. Korean Phys. Soc. 40, 1069 (2002).

[2] E. Zielinski, H. Schweizer, S. Hausser, R. Stuber, M.
Pilkuhn, G. Weimann, IEEE J. Quantum Electron QE 23,
969 (1987).

[3] S.C. Lee, Y.B. Kang, D.C. Kim, J.Y. Ryu, N.L. Kang,
S.D. Choi, Phys. Rev. B 55 6719 (1997) .

[4] N.L. Kang, Y.J. Cho, S.D. Choi, Progr. Theor. Phys. 96, 307
(1996).

[5] S.Badjouand, P.N. Argyres, Phys. Rev. B 35, 5964 (1987).

[6] N.A. Zakhleniuk, C.R. Bennett, N.C. Constantinous,
B.K. Ridley, M. Babiker, Phys. Rev. B 54, 17838 (1996).

[7]1 A. Gold, A. Ghazali, Phys. Rev. B 41, 7626 (1990).

[8] Sang Chil Lee, J. Korean Phys. Soc. 52, 1832 (2008).



Optically Detected Electrophonon Resonance Effect in Quantum Wires 5

TRAN CONG PHONG was born in Quang Binh province, Vietnam. In 1983, he received M.Sc degree in
Physics at Vinh University with honors. In 1999, he received Scientific Degree Doctor of Philosophy in
Physics (Ph. D) on Specially Theoretical and Mathematical Physics, in Hanoi National University. He jointed
Ewha Womans University (Korea) and University of Virginia (USA) as a post-doctor in periods of 2001-
2002 and 2007, respectively. Presently, he is the President of National Educaion Union of Vietnam. His field
of researches concerning to theoretical researches on poperties and effects in semiconductor materials.

NGUYEN VAN HoA was born in Hau Loc hometown, Thanh Hoa province, Vietnam. In 1981, he graduated
from Vinh University with majority in Pedagogical Physics. He took a PhD course in optics and received
doctor degree in Physics in 2007. His thesis dealed with bistable effects in optical devices. Presently he is
a lecturer at the Faculty of Technology, Hong Duc University. His field of research concerns to optical
properties of materials.

COMPUTATIONAL METHODS IN SCIENCE AND TECHNOLOGY Special Issue 2010, XX-XX




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /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 true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




