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Linear-Polarization Optical Property of CdSe Quantum Rods”
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Abstract: The linear-polarization optical property of CdSe quantum rods is studied in the framework of effective-

mass envelope function theory. The effects of shape and magnetic field on the linear polarization factors are inves-

tigated. It is found that CdSe quantum spheres have negative polarization factors (xy-polarized emission)and quan-

tum long rods with small radius have positive linear polarization factors (z-polarized emission) . The z-direction is

the direction of the ¢ axis. Quantum long rods with large radius have negative linear polarization factors, due to

the hexagonal crystal symmetry and the crystal field splitting energy. The linear polarization factors decrease and

may change from a positive value to a negative value;i.e. ,the z-polarized emissions decrease relative to xy-polar-

ized emissions as the magnetic field applied along the z direction increases.
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1 Introduction

The method to synthesize CdSe nanostruc-
tures has improved. Single CdSe dots have been a-
chieved™ ,and CdSe quantum rods have also been
synthesized*' , whose shape can be controlled®* .
Recently much attention has been paid to the line-
ar-polarization optical property of these nano-

[1.25~8] ' These nanostructures have be-

structures
come a major subject of attention because of their
prospective applications in devices. xy-polarized
emissions from CdSe spheres were observed and
used by Empedocles et al.'® to monitor the rota-
tionalmotion of quantum dots in various host ma-
trices. A two-dimensional transition dipole was in-
troduced to investigate the xy-polarized emis-

sions'?

,which are actually due to the hexagonal-
crystal symmetry and the crystal field splitting en-
ergy. z-polarized emissions from CdSe rods were
observed'*' ,and a one-dimensional transition di-
pole was introduced to investigate it'".

Motivated by the experimental progress, we
study the effects of the shape and magnetic field
on the linear-polarization optical property of
wurtzite quantum rods using the former mod-
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2 Model and calculation

If we take the basic functions of the valence-

band top as
1.1 = (/DX +iY)
| 1.1 = Z
and | 1, - 1) = (1I/V2)(X —iY) @y

[10]

the effective-mass Hamiltonian of a hole in the

zero SOC case is written as

P, S T
H, = |s P s 2)
2m,
T" S P,

where

/2 2
P, = 71]72 - g)’zPé_)

o [2 . oo
P, =y p°+2 gyng” + 2myA,

T — WPSZZ) + é\P;Z)
Tx— — ‘YIPZZ) + SPSZ;
S = ApoP(—ll) +\/§7;P(—21)
S* = Ap,P\" -2y, P” (3)
P® and P are the second and first-order tensors
of the momentum operator, respectively, p, =
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V2myAsand A = 40meV. Hereafter we take the
negative hole energy to be positive. The effective-
mass parameters''’) for CdSe are given in Table 1.
The matrix elements of the tensors of the opera-
tors are given by Zhang et al .. The SOC Ham-
iltonian is written as

—A 0 0 0 0 0
0 0 0 V22 0 0
0 0 A 0 =22 0
H, = V2 4)
0 22 0 A 0 0
0 0 =21 0 0 0
0 0 0 0 0 - A
Table 1 Parameters for CdSe in the actual calculation
my om: N R % 7N’ A AmeV Ac/meV

0.1756 0.1728 1.7985 0.7135 0.7970 1.4492 2.166 0.3779 0.6532 139.3 25

Here., we take the basis functions to be
[T, 14,1, A1, —1>A,]1.1)y,[1,0) ¥
and |1, —1) v . The envelope functions are
Aln,m-1,4 Cz.zxj/(kf,r) Yiimo K]
biwmor Craji (kilr) Y n(0:9)
d/.n,m+1.¢ Cl.njl(klnr) Yima 4,4
M=m+1/2 Ion | Qi.n.m.y C[.nj[ (ki”) Yim ((9,¢)
biwmirs Crofi (kAP Y i1 (644)
diwimezy Craji (ki) Y 0 (0,9
3
M is the z component of the total angular

LIPS

momentum. The effective-mass Hamiltonian of an
electron is written as

p___1 [Zpw 6)

Heo = o = 23

where

L_1(2, 1)

m, 3\m, m,
e = 3 o ) @

We take the basic functions as S 4 and S v ,
where § is the Bloch state of the conduction-band
bottom. The envelope functions are
o 2 Z (61,zx.n1.1\ CI,;,]:I(kE,”) Yin(0:9)

o 1 Nermy Croaji Chyr) Y, (0,9)

For quantum rods, we introduce a coordinate

) 8)

transformation**’
x = x
y =y
z = ez
p. = p.le (9

where e is the aspect ratioji.e.,e = #,L is the

length,and R is the transverse radius of the quan-
tum rods.

We assume that the external magnetic field is
applied along the z axis of the crystal structure.
We choose the symmetric gauge,so that the vector
potential is written as

A= (7%Bzy,%B2x,O) (10)

In the presence of an external magnetic field,
the momentum operator becomes p + eA . Because
the different components of p do not commute,
then the p,p, terms in the Luttinger Hamiltonian
are not symmetric. Luttinger'"" introduced the

symmetrized product

1
{p.pp} = 5 (PepPs + Pyp) an

He divided the Luttinger Hamiltonian into
two parts, the symmetric part and the antisym-
metric part. The antisymmetric part is simply
written as

Hyym = Kusl + B (12)
The whole Hamiltonians of electron and
hole,respectively,are
H. = He + Hyn e + Hzeoman (13)
H, = Hy,+ H, + Hmm,h - Hasym - Hz«:cman,h
14)

The terms H e s Houm b s H zeeman_e »a0d H zeeman 1
are given by Zhang et al .""*".

If the wave propagation is along the x axis of
the crystal structure,the linear polarization factor
is written as

P=«U.—-1)>/.+1,) (15

I, and I, are the intensities of the z and y
polarized transitions. With the optical transition
between a given electron state and a given hole
state,they are proportional to

I. = { 2 bl./x.nusel.n.m.s}z (16)

Lonm.s
I, = {1 E.I(al-uvm.sel.n.mw - dz.n.m,sez,n.m.s)/«/?}Z
17

Ai,n.m,s ?bl.,n.m.s 7d1.n.m.x and €i,n,m,s arc giVCn
in Eq. (5) and Eq. (8).

3 Results and discussion

The effective-mass parameters''”’ for CdSe
are given in Table 1. We use the energy unit g =
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strength unit b =

3.1 Structure and shape effects

The effect of the crystal field splitting energy
A. on the linear-polarization optical property of
CdSe quantum rods is shown in Fig.1.From Fig.1
(a),we see that the linear polarization factors of
optical transitions of CdSe quantum spheres are
negative. This is due to the hexagonal crystal sym-
metry and the crystal field splitting energy A..
which lift the energies of the state with Z Bloch
state and make the state with XY Bloch states the
lowest state of the valence band, with the result

0.5F

Polarization

Polarization
S
S
T

1
0 25 50
A JmeV

Fig.1

that the linear polarization factors are negative,in
agreement with the experiment results'>*' . With
bigger A.,the energies of the state with Z-Bloch
state are lifted more, and the linear polarization
factors become even more negative. We also see
that with bigger A.,the linear polarization factors
of optical transitions of CdSe quantum long rods
with small radius are less positive and have smal-
ler saturation values. From Fig. 1(b),we see that
as e increases,the normalized intensity of o, tran-
sitions decreases, and the normalized intensity of
o, transitions increases at first, then decreases
slowly due to the decrease of the overlap of the
electron and hole wave functions when e is sufficient-
ly large. From Fig.1(c) ,we see that as A. increases,
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(a)Linear polarization factors of optical transitions of CdSe quantum rods with R = 2nm at T = 300K as

functions of e;(b) Normalized intensities of s, and ¢, transitions of CdSe quantum rods with R = 2nm and A, =
25meV at T = 300K as functions of e; (¢) Linear polarization factors of optical transitions of CdSe quantum
spheres with R =2nm at T =300 K as functions of A.; (d) Linear polarization factors of optical transitions of InAs

quantum rods with R =2nm at T = 300K as functions of e
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the negative linear polarization factor decreases.
With A. = 0, the linear polarization factor is not
zero, but negative. This is due to the hexagonal
crystal symmetry as we use the effective-mass pa-
rameters in Table 1. For example,y, and y; are not
equal, while they are equal in zinc-blende struc-
ture semiconductor material. The linear polariza-
tion factor of a zinc-blende quantum sphere
should be zero,as shown in Fig.1(d).

The effect of the lateral dimension on the
linear-polarization optical property of CdSe quan-
tum rods is shown in Fig. 2. From Fig. 2 (a), in
which e is always greater than 1. 66, we see that
the linear polarization factors decrease from posi-
tive values to negative values as R increases. The
linear polarization factors of optical transitions of
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Fig.2

CdSe quantum long rods with large radius are neg-
ative. This is because when R is sufficiently large,
the quantum confinement effect that makes the
state with the Z Bloch state the lowest state of the
valence band is so weak that it cannot compensate
the effect of the hexagonal crystal symmetry and
the crystal field splitting energy A., which makes
the state with XY Bloch states the lowest state of
the valence-band. At higher temperatures, the lin-
ear polarization factors decrease more slowly. It is
explicitly shown in Fig. 2(c) that CdSe quantum
long rods with small radius have positive linear
polarization factors,and CdSe quantum long rods
with large radius have negative linear polarization
factors. The normalized intensities are shown in
Fig.2(b)and Fig.2(d) ,respectively.
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(a) Linear polarization factors of optical transitions of CdSe quantum rods with L =20nm and A, = 25meV

as functions of R ;(b) Normalized intensities of s, and ¢, transitions of CdSe quantum rods with L =20nm and A,
= 25meV at T =300K as functions of R;(c) Linear polarization factors of optical transitions of CdSe quantum
rods with e =2 and A, = 25meV as functions of R ;(d) Normalized intensities of s, and ¢, transitions of CdSe quan-
tum rods with e =2 and A. =25meV at T = 300K as functions of R
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3.2 Magnetic field effect

The linear polarization factors of optical
transitions of CdSe quantum spheres with R =
2nm and A, = 25meV as functions of b are shown
in Fig.3(a),and fitted in Fig.3(b). From Fig. 3
(a), we see that the negative linear polarization
factor decreases as b increases. This is mainly due
to the antisymmetric splitting. At higher tempera-
tures, the negative linear polarization factors are

-0.5

Linear polarization

-1.0 L 1 1 1 L 1 L
0
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b (164.56T)
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Fig. 3 (a) Linear polarization factors of optical tran-
sitions of CdSe quantum spheres with R =2nm and A,
= 25meV as functions of b; (b) Function y =
c— edx — e*dx
c+ edx + e*(lx

bigger,and decrease more slowly with increasing
b.We can use a simple model that takes into ac-
count only the antisymmetric splitting to explain
this phenomenon. In the simple model, as b in-
creases,the energy of the |1,1) state goes down,
the energy of the |1, — 1) state goes up,and the
energy of the |1,0)state does not change. Consid-
ering the Boltzmann distribution,the linear polar-
ization factor in the simple model is a function of

b ,whose form is
—dx

c—e” —e¢

y = ct et o (18
where y and x represent the linear polarization
factor and the magnetic field strength b, respec-
tively. We fit the three curves in Fig.3(a) at dif-
ferent temperatures with different parameters c
and d in Eq. (18) in Fig.3(b). The parameter d
in the Boltzmann factor is proportional to the re-
ciprocal of the temperature. The simple model fits
very well. The linear polarization factors of opti-
cal transitions of CdSe quantum rods with R =
2nm and e = 2 and A. = 25meV as functions of b
are shown in Fig.4(a),and fitted in Fig.4(b). We
see that the linear polarization factor decreases as
b increases,the same as Fig.3(a). At higher tem-
peratures,the negative linear polarization factors
have bigger values at b = 0, and decrease more
slowly with increasing b. At T = 100K the linear
polarization factor changes from a positive value
to a negative value as b increases. We call the
magnetic field, under which the linear polariza-
tion factor is zero, the crossing magnetic field, as
shown in Fig. 4 (a). At lower temperatures, the
linear polarization factor has bigger value at b =
0,and decreases more quickly as b increases, so
the crossing magnetic field may be smaller. The
linear polarization factor of optical transitions of
CdSe quantum rods with R =3nm and e =2 and A.
=25meV at T =10K as a function of b is shown
in Fig.5. We see that the linear polarization fac-
tor changes from a positive value to a negative
value around B =17. 55T as the magnetic field in-
creases.

4 Conclusion

The linear-polarization optical property of
CdSe quantum rods is studied in detail. It is found
that CdSe quantum spheres have negative polari-
zation factors (xy-polarized emission). The CdSe
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@ have negative linear polarization factors. Under a
0.4 magnetic field applied along the z axis of the
- crystal structure, the linear polarization factors
% 02 decrease. That is to say, the z-polarized emission
N v R . . .
g - decreases relative to xy-polarized emission as the
g e=2.0 N magnetic field increases in the sphere and rod ca-
< . . .
g Op=mmmmmmmmmmmm im0 ses. The linear polarization factor of CdSe quan-
3 . .
- —— 100K . /! tum rods with small radius may change from a
---200K Crossing magnetic field . . .
025 e 300K positive value to a negative value as the magnetic
: L . I , ! . field increases.
0 0.5 1.0 1.5 2.0
b (164.567)
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