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Tunable resonant radiation force exerted on semiconductor quantum
well nanostructures: Nonlocal effects™
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Resonant radiation force exerted on a semiconductor quantum well nanostructure (QWNS) from intersubband transi-
tion of electrons is investigated by taking the nonlocal coupling between the polarizability of electrons and applied optical
fields into account for two kinds of polarized states. The numerical results show the spatial nonlocality of optical response
can induce the spectral peak position of the exerted force to have a blueshift, which is sensitively dependent on the polarized
state and the QWNS width. It is also demonstrated that resonant radiation force is controllable by the polarization and inci-
dent directions of applied light waves. This work provides effective methods for controlling optical force and manipulating
nano-objects, and observing radiation forces in experiment. This nonlocal interaction mechanism can also be used to probe
and predominate internal quantum properties of nanostructures, and to manipulate collective behavior of nano-objects.
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1. Introduction

Optical force and optical manipulation of nano-objects
have been attracting extensive research interest since the trap-
ping of dielectric particles was proposed by Ashkin and as-
sociates in 1986.111 Many fruitful research results have been
reported and have extensive potential applications in various
fields such as physics, biology, engineering dynamics, and so
on.>"191 For example, Chaumet and Nieto-Vesperinas stud-
ied optical force exerted on a dipolar sphere by an electro-
magnetic field, and established the time-averaged total force
on a subwavelength-sized particle in a time-harmonic-varying
field.l!

At present, there has also been an increase of inter-
est in nonlocal optical response of semiconductor and metal
nanostructures. =17 The so-called nonlocal optical response
is that the polarization at a spatial point is induced by the ap-
plied optical fields not only at the same point, but also at other
positions within the extent of the relevant wave function of
electrons. Consequently, dielectric permittivity of nonlocal
materials is not only the function of frequency, but also the
function of wavevector in the spectral domain. Since the pio-
neer theoretical work of Pekar on spatial nonlocality in semi-
conductor bulk materials,['® the theoretical work has been de-
veloped further towards nanostructures by Cho!'*! and towards

v.[201 Some novel nonlocal effects have

metamaterials by Belo
also been observed in thin GaAs layers by Ishihara,?!! and in

metamaterials by Luukkonen.*?! The nonlocal optical effects
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in the mesoscopic systems have been drawing more and more
attention, giving rise to the development of nonlocal theory
and nonlocal optical properties in plasmon and semiconduc-
tor nanostructures. 23-251 Tn 2009, McMahon ef al.l'”! investi-
gated nonlocal optical response of metal nanostructures with
an arbitrary shape, and demonstrated that nonlocal effect in-
duces an evident blueshift at the plasmon resonance in absorp-
tion spectra and it is particularly important in apex structures.
In 2013, Luo et al.’>! proposed a simple model for dealing
with the nonlocality of optical response in metallic nanopar-
ticles. To our knowledge, the effects of spatial nonlocality of
optical response on optical force are not clarified. It is possi-
ble and desirable, however, that the nonlocal effects may have
important influence on optical force exerted on nano-objects.
The physical motive of our paper is to investigate and clarify
how the nonlocal effects influence optical force exerted on a
quantum well nanostructure (QWNS) from the resonant inter-
subband transitions for two different polarized states.

This paper is organized as follows. In Section 2, a basic
theoretical framework for optical force exerted on a QWNS
from resonant intersubband transitions for two different polar-
ized states is presented by taking spatial nonlocality of optical
response into account. In Section 3, the numerical results and
discussion are presented for a AlGaAs/GaAs QWNS. These
results show that the spatial nonlocality of optical response
has evident influence on optical force spectra. Brief conclu-
sions are given in Section 4.
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2. Theoretical framework for optical force on a
QWNS with nonlocal response

Let us consider that a monochromatic plane wave is inci-
dent on a square QWNS with an incident angle 6 and angular
frequency @ in the two cases of p- and s-polarized states, as
shown in Fig. 1. The square QWNS of the width L is confined
in the z direction. Two surfaces of the QWNS are located at xy
plane with z = 0 and z = L, respectively. It is well known that
the Lorentz force on charged particles in an electromagnetic

field is generally described as!20]

//T/2 d'rdt
(g =
/2 TS

where T denotes one oscillation period of incident electromag-
netic fields, S is the surface area of the QWNS, respectively.
P denotes the one-order derivation of time for P(r,t). For
time harmonic electromagnetic fields, we can write

E(r,t) =Re{E(r,0)exp(—iot)},
B(r,t) =Re{B(r,m)exp(—iwt)},
P(r,1) =Re{P(r,w)exp(—imt)},

E(r,0), B(r,0), and P(r,®) are complex functions of po-
sition and frequency. Re denotes the real part. On performing
the integral and using B(r,®) =1/(i®)V x E(r, ®), one can
obtain further the time-averaged force on the QWNS per unit

area as[®°]

(F) (w)Re{/ dr E(r,0)* P(r,w)}, 3)

where * denotes the complex conjugate. In the case of nonlo-
cal linear response, the resonant part of the induced polariza-
tion is microscopically described as

P(r,0)= 80/ x(ryr';w) - E(r',@)dr’
v

where ):c(r, r';w) is the nonlocal susceptibility tensor. Due to
the system with the translational invariance in the x direction
and the confinement in the z direction, the complex electric
field E(r,®) and the complex polarization P(r,®) can be
= E(z; 0)exp(ikcx) and
P(z;0) exp(ikyx), where ky stands for the wave

assumed to have the forms E(r,®)
P(r,o) =
number in the x direction. By the density-matrix method as
mentioned in Ref. [11], the components of the complex am-
plitudes of the linear polarization, P (z, @), for the two-level
QWNS model can be obtained as follows:

Blom) = — e?  (er—£)’N;¥(2)
S 2nh’w? ho — &+ ikl

P (J'va)’% (4)

FO) = [ Ip(r)B(r.0) +(r) x B(rlar, (1)

where E(r,t) and B(r,t) are the electric and magnetic fields,
respectively. p(r,t) is the charge density, and j(r,t) is the
current density. V is the volume of the loaded body. By using
p(r,t) = —=VP(r,t),and

/V[V-P(r,t)]E('r,t)dr - —/ [P(r.1)-V]E(r,1)dr,

Vv

where P(r,t) is the induced polarization, one can derive the
time-averaged radiation force on the QWNS per unit area as

(r,t)-VE(r,t)+ P(r,t) x B(r,1)], 2)

e? (&1 —er)NL(2)
4m* w2 ho — &1 +inly’

P.(z,0) = Q)

where

(z)dz, N, = /g L) dz.

N; = / Y(z
de,(2) dei(2)
¥(2) = 1(2)92(2), £(2) =1(2) —¢(2) :
dz dz
with @,(z) = \/2/Lsin(nmz/L) and &, = n®x*h*/(2m*L?)
(n = 1,2) are the envelope wave functions and the trans-
verse energies of the n-th subband of the two-level QWNS,
respectively.>”) m* is the effective mass of an electron in

conduction bands. e is the electron charge. Iy is the non-

radiation relaxation rate. 7%l is called the relaxation en-
ergy. & = & — € is the level spacing between & and €.
e = & + TN /m* is the Fermi energy of the QWNS sys-
tem, where N is the donor surface concentration. From the
expressions of N; and N, we can see that the nonlocal optical
response makes the polarization at a certain point in space to
be induced by the applied optical fields not only at the same
point, but also at other positions within the extent of the rele-

vant wave functions in the QWNS.
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Fig. 1. (color online) The schematic diagrams of a QWNS, radiation forces,
and incident and polarization direction of a monochromatic plane wave. Fy
and F; denote the x and z components of the radiation force exerted on the
QWNS by incident light, respectively. The signs 1 and ® denote polariza-
tion direction of p- and s-polarized light waves, respectively.
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By the Green’s function method,!'""'”! one can solve
the components of the microscopic electric field (Ey for
s-polarized state, E, and Ez for p-polarized state) from
Maxwell’s equations, satisfying the self-consistent integral

equations!!3!

~ ~ OCNy L ik |z—7| ’ !
Ev(Z;G)):EOy(Z;O))+~7/ eI () dZ,  (6)
- 2lkj_ 0

~ - L
Ez0) = Bun(zo)+aN: | GulaZi0)¥(?)d7
L
+ BN; /0 Gy (2,75 0)8(2)de, (7)
~ - L
E.(z;0) = Ep,(z; 0) + (xNx/O Gu(z,7;0)P()d7
L
+ BN [ Gale 200 ()a, (8)

where Ey(z; 0) = Eyexp(ik, z) is the incident field, and k| =
(e5@?%/c* — k2)'/? is the wave-number in the z direction. In
addition, o = ppe?(er — €)% /(2nh?A), and B = poe?(er —
€1)/(4nm*A), where A = ho — & + ikly. Gij(z,7;0)
(i, j = x,7) are the elements of the tensorial Green’s function

G(z,7'; w) of the quantum system!!!!

- kyc? eikile=7] ki/ke sgn(Z—
L) — KxCTe T s/ke sen(@ =)
G(Z,Z 5 (J)) - 2i€bw2 ( sgn(z/ — Z) kX/kJ- >
857 —z)c* . .
(ETZ) v

where g, is the relative dielectric constant for the background
medium. €, denotes the unit vector in the z direction. sgn(z)
is the sign function. By multiplying both sides of Eqgs. (6),
(7), and (8) by ¥(z) and {(z) respectively, and integrating the
three equations over z across the QWNS, one can obtain

Ny =S,/(1—aMyy), (10)
_ Sx(l — ﬁMzz) +ﬁSzsz
N, = , (1)
(1 - aMXX)(l - BMZZ) - aBszsz
N, = S.(1—oM,,) + aSM., (12)

(1 - aMXX)(l - ﬁMzz) - O‘ﬁ]\/[)czjwzx7
where
L
MXX://O Y(2)Gu(z,7; @)W (7 )dzd7,
My = I (o) et () dzad
Y= 2ik, o ’
L
M=M= [[ W6l 0)L()aza?,
L

M= [[ 06z @) () a2z,

5= [ Bysow@dz (=),

For the following analyses, we write Eqs. (10)—(12) into

the following matrix form by the rotating wave approxima-
tion[!9]

D-N=38, (13)

where B is a 3 x 3 diagonal matrix with the following three
elements

Dy = 1o — & +ihl, +hMXX7
Dy, = ho — & + ikl + hM,,,
D, =hw—¢&+ihly+tM,,.

The vectors S = (§X,§y,§z) and N = g(Nx,Ny,N;). Here
g = 1/(ho — & +ihlp), h = —poe®(ep — €1)%/(2mh?), and
t = Uoe? (g1 — €p) /(4mm*). From Eq. (13), it is not hard to see
that the resonance structures of the optical force spectra are
determined by the complex roots of det |13| = 0. From the ex-
pressions of Dy, D)y, and D, we can see that the resonance
peak of the radiation force does not occur at i@ = &1, but has
a shift relative to the level spacing &, which is attributed to
the contributions from the real part of the three terms hAM,y,
hM,y, and tM,,, respectively. This kind of shift of resonance

191 In the expressions of M,,,

peak is called radiation shift.
My, and M, it is evident that the radiative shift of the res-
onance peak is associated closely with the coupling between
the dynamical variables, i.e., the microscopic current-density
flows accompanying the change in the wave functions via the
electromagnetic propagator é(z,z’ ; ), originating from the

nonlocal optical response of electrons to optical fields.

3. Results and discussion

In the following, we analyze optical force exerted on
the QWNS by taking spatial nonlocality of optical response
into account in detail. Some parameters used in the follow-

ILIS] % = 0.067mg (mg is

ing calculation are adopted as:|
the mass of a free electron), Ny = 10! cm~2, g = 13.1,
and nly = 4.7 meV. The incident intensity is assumed to be
0.05 W/cm?. Figure 2 shows the resonant radiation force as a
function of the normalized photon energy /®/&;; in the two
cases: (a) p-polarization and (b) s-polarization for three differ-
ent QWNS widths: 5 nm (black lines), 25 nm (red lines), and
40 nm (blue lines) with the incident angle 8 = 45°, respec-
tively. F; and F; denote the x and z components of the radiation
force, respectively. The solid and dashed lines in Fig. 2 corre-
spond to F; and F;, respectively, where F, has been amplified
three times for the sake of contrast. It can be seen from Fig. 2
that the resonance peak of the radiation force does not occur
at iw = &1, but has a radiative shift relative to the level spac-

ing &, originating from the nonlocal optical response. The

106802-3



Chin. Phys. B  Vol. 26, No. 10 (2017) 106802

nonlocality of optical response in QWNS is enhanced remark-
ably by the quantum-size effects. The nonlocality of optical
response, originating from the coupling between the micro-
scopic current-density flows associated with different spatial
points, leads to the coherent extension of the resonantly ex-
cited modes of the interacting radiation-matter system. It is
worth noting that the radiative shift of F; is completely the
same as that of F; for a certain polarization state. In addition,
the radiative shift is dependent closely on the QWNS width
and the polarization direction of incident light, whereas it is

not related generally to the angle of incidence.

10
p-polarization

(a)

F, F /(nN/m?)

F, F,/(IN/m?)

07 08 09 10 11 1.2 1.3 1.4 1.5

hw/e,,
Fig. 2. (color online) Resonant radiation force spectra (Fy: dashed lines; F:
solid lines) in the two cases of p-polarization (a) and s-polarization (b) for
three different QWNS widths: 5 nm (black lines), 25 nm (red lines), and
40 nm (blue lines), respectively.

To see how the QWNS width and the polarized state
influence the resonant radiation force spectra, the radiation
shift (Ahw = hw/e; — 1) at resonance is plotted versus the
QWNS width L in the two cases of the p- and s-polarizations
in Fig. 3. The black, blue, and red-dotted lines correspond to
the p-polarization for an incident angle 6 # 0, s-polarization
for an arbitrary 6, and p-polarization for 8 = 0, respectively.
From Fig. 3, we can see that the radiation shift is a blueshift
(Afiw > 0), which is dependent really on the QWNS width and
the polarization direction. Specifically speaking, the blueshift
increases gradually with increasing the width of the QWNS.
The blueshift for p-polarized state excepting 6 = 0, however,
is more evident and larger than that for s-polarized state gen-

erally. This is because there exists the quantum-size effect for

p-polarized state when 6 # 0, which makes the nonlocal effect
more evident, whereas there is not the quantum-size effect for
s-polarized state. It is worth noting that the resonant radiation
force spectrum, including its magnitude and radiative shift, for
p-polarization when 6 = 0 is completely the same as that for
s-polarization. The reason is that the polarization direction is
along the x direction for p-polarization when 6 = 0, which is
equivalent to the y direction for s-polarization. Therefore the
variation rules of the blueshift for the two kinds of cases are

consistent essentially.

—— p-polarization for 60

s-polarization for arbitrary 6

e p-polarization for § = 0

4 8 12 16I20I24I28I32I36I40
L/nm

Fig. 3. (color online) Radiative shift (AZiw) of resonance peak of optical

force versus the QWNS width (L) for p- and s-polarizations, respectively.
In Fig. 4, we plot the maximum radiation force F, and F;
at resonance for p-polarized state in panels (a) and (b) and for
s-polarized state in panels (c) and (d), versus the incident angle
6. We can find that F; and F; show a sensitive dependence on
the angle of incidence. In Figs. 4(a) and 4(b), it is not hard to
see that both F; and F; for p-polarized state increase with the
incident angle 0 increasing. This is because the z component
of the incident field increases with the increase of 0, leading
to the increase of the z component of the polarization P(z, ®)
inside the QWNS, while the quantum-size effect plays an im-
portant role in the z direction. When 8 = 90°, i.e., the incident
light is horizontally incident on the QWNS slab, the electronic
polarization direction parallels completely to the z direction,
which induces F; and F; at resonance to be maximum due to
the quantum-size effect. However, if 8 = 0°, that is, the inci-
dent light is perpendicularly incident on the QWNS, the elec-
tronic polarization is parallel to the x direction, therefore F, at
resonance is very small because the quantum-size effect does
not play any role in this direction, which is the same as that
for s-polarized state. In addition, for the two kinds of polar-
ized states, F, = 0 when 6 = 0°, because the incident light is

perpendicularly incident on the QWNS. From Figs. 4(c) and
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4(d), it can be seen that for s-polarized state F; increases and
F. decreases with an increase of the incident angle 6. This is
because that the x component of wave vector will increase and
its z component will decrease with increasing the incident an-
gle, respectively. In addition, the maximum resonant radiation
forces for p-polarized state are about six orders of magnitude
larger than those for s-polarized state, excepting the case of
closely perpendicular incidence. The reason is that there ex-

ists generally the quantum-size effect for the p-polarized state,

while it plays no role for the s-polarized state. From Fig. 4, we
can also see that with increasing the width of the quantum well
nanostructure both F; and F; for the p-polarized state decrease,
whereas they increase for the s-polarized state when the inci-
dent angle 0 is fixed. The results obtained in the present paper
provide a more quantitative understanding of the nonlocal op-
tical response of nanostructures and the influence of the non-
locality of materials on optical force exerted on objects at the
nanometer length scale.

5
— L=5nm r 16
4 1 —— L=25nm 3
?-é\ —— L =40 nm 12~
~ 31 g
Z, B ~
B Z
< G
S 2l I
(a) (b) -
1 4 r4
p-polarization p-polarization [
0 T T T T T T T T T T L e S B S B e m e m e e e m e s 0
0 10 20 30 40 50 60 70 8 90 0 10 20 30 40 50 60 70 80 90
6/(°) 0/(°)
13.0
—— L=5nm —— L=5nm
3 -
—— L=30nm —— L=30nm [ 195
—— L =40 nm —— L =40 nm &
o g
g i F12.0 >
z 2 2
& <
~ I i~
o 11.5
1 4
- 11.0
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0/(°) 0/()

Fig. 4. (color online) Maximum resonant radiation force (F; and F;) versus the incident angle 0 in the two cases of p-polarization [panels (a) and (b)], and
s-polarization [panels (c) and (d)] for three different QWNS widths, respectively.

4. Summary

In this paper, the nonlocal effects on optical force exerted
on the AlGaAs/GaAs QWNS from the resonant intersubband
transitions are investigated for two kinds of polarized states,
based on the microscopic nonlocal optical response theory.
We show that there exists a blueshift of radiation force spec-
tra at resonance induced by the spatial nonlocality of optical
response, depending on the QWNS width and the polarization
direction. It is also demonstrated that the resonant radiation
force is controllable by the QWNS width, the angle of inci-
dence, and the polarization direction of incident light. These
properties have potential applications in nano-object manipu-
lation, and have implications for observing radiation forces in
experiment. This nonlocal interaction mechanism can also be

used to probe and predominate internal quantum properties of
nanostructures, and to manipulate collective behavior of nano-
objects.
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