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Resonant spin orientation at the exciton level anticrossing in InP quantum dots
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Resonant spin orientation of excitons was observed under linearly polarized quasiresonant excitation around
two anticrossing points of excitons in InP quantum dots (QDs). Under the longitudinal and tilted magnetic
fields of 1.5 and 2.5 T, two anticrossings of bright and dark excitons take place. At the anticrossing points,
bright and dark excitons mix with each other and the wave function mixing induces the resonant spin orien-
tation. Time-resolved circular polarization clearly showed the resonant spin orientation due to mixing of bright
and dark excitons at the anticrossing points. Dark excitons can work as the carrier and spin reservoir because
of their long lifetime. We demonstrated that magnetic field can control the spin entanglement and the resonant

spin orientation of QDs.
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Spin polarization in semiconductors has attracted consid-
erable attention of researchers in recent years since it is ex-
pected to be used in quantum information processing.! Espe-
cially, quantum dots (QDs) are promising candidates for
quantum bit and quantum spin memory? because spin relax-
ation is greatly suppressed by three-dimensional quantum
confinement of carriers in QDs.*> Spin polarization of exci-
tons can be produced either by the spin relaxation in the
magnetic field or by optical orientation. In the magnetic field,
not only thermal spin orientation among Zeeman sublevels
but also the resonant spin orientation due to mixing of Zee-
man sublevels can work. The resonant spin orientation due to
mixing of exciton sublevels was observed experimentally in
type I and II quantum wells*> but not in QDs.

The lowest-energy exciton in III-V QDs is composed of
an electron with the spin angular momentum projection s,,
= i% and a heavy hole with the total angular momentum
projection J,,= = 2 Combination of 2 X2 spin states gives

. 2 13 NI
quartet excitons, +3,=50 |+3,+3), |-3,—3), sim-

-7, t §>’ 9
ply denoted by projzecticzm of %he total angular momentum of
the exciton, J=s,+J),, upon the quantization axis, |m)y, (m
=+1,-1,+2,-2), respectively. Quartet excitons are also de-
noted by spin projection, | )| 1), [T)1), [T 1), |1)|1), where the
first ket vector represents the electron spin and the second ket
vector the hole spin. Bright excitons, |~1)q, |+1),, can be
directly excited by light and can luminesce. They decay at
the radiative decay rate plus the nonradiative decay rate.
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if the g factor of electrons and holes in the QDs is axially
symmetric. Here, 6 is the angle between the crystal growth
axis denoted by the z axis and direction of the magnetic field
B lying in the x-z plane. For InP QDs in the present sample,
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Dark excitons, |+2)q, |-2)g, cannot be directly excited by
light nor can luminesce. Dark excitons decay at the nonradi-
ative decay rate and, therefore, usually have a long lifetime.

Spin flip of either an electron or a hole is needed for the
conversion between bright excitons and dark excitons. If
bright and dark excitons are equally formed and if the spin
flip rate is not much faster than the lifetime of the exciton,
dark excitons are superior in existing probability to bright
excitons. Then, dark excitons can work as the carrier and
spin reservoir because of their long lifetime. In fact, four
eigenvectors in the tilted magnetic field are represented by
the entangled linear combination of |1)|]), [1)|1), |T)|T), and
|1)]1). Magnetic field can mix bright excitons with dark ex-
citons. It can mix resonantly |[)|T) with |T)|T) or |T)|]) with
IT)[T). Then, dark excitons work as the spin reservoir promi-
nently. In this study, we report the observation of magnetic-
field-induced anticrossing and state mixing of bright and
dark excitons and resonant spin orientation at the anticross-
ing points under linearly polarized excitation in InP QDs. We
demonstrated that magnetic field can control the spin en-
tanglement and the resonant spin orientation of QDs.

Bright and dark exciton states in a magnetic field are cal-
culated in terms of a spin Hamiltonian.®” A set of four states,
[+ 1), |=1), [+2)0, and |-2),, specifies bases of matrix rep-
resentation of the heavy-hole—exciton Hamiltonian consist-
ing of the first exchange interaction term and the second
Zeeman term given by

0 8o SIN O 8n.x Sin 0
(ge,z - gh’z)cos 0 8h.x sin 0 8ex sin 0
Gnxsin @ (g, +gp)cos 6 0
8ex sin 0 0 - (ge,z + gh,z)COS 0
I
electron-hole  exchange interactions (8,=0.141 meV,

6,=0.038 meV, and 8,=0), the electron g factor (g,,=1.5
and g,,=1.5), and the hole g factor (g;,=0.25) are known
from our preceding studies and gj, . is unknown.”® Exchange
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FIG. 1. (Color online) (a) PL spectrum of the sample under
HeNe laser excitation at 1.959 eV and under quasiresonant excita-
tion of 1.771 eV. The electric bias of U=-0.8 V was applied. (b)
Calculated eigenenergies E; for InP QDs studied at #=0°. Here,
gn.=1.02 is assumed. (c) Circular polarization (O) of PL of neutral
InP QDs detected at E4,;=1.722 eV under the longitudinal magnetic
field (#=0°) at 5 K. Linearly polarized laser light excited InP QDs
at E..=1.771 eV quasiresonantly below the InysGaysP barrier
band gap. The o* and o~ polarized PL intensities are shown as a
function of the longitudinal magnetic field.

interaction &, splits the bright and dark excitons and 6; the
bright excitons at B=0 T.

The eigenenergies and eigenvectors are derived by the
diagonalization of the real symmetric Hamiltonian matrix.
Eigenenergies and eigenvectors are given by E; and
|))=2,,Cjnlm)o (j=1-4), respectively, where C;, is real.
[1), [2), |3), and |4) are named in energy order from top to
bottom at B=0 T. Tilted magnetic field can mix the bright
and dark exciton states and cause their anticrossing.
In the Faraday configuration (#=0°), bright excitons
and dark excitons do not mix with each other,
and  E,,=(1/2)[&* & +(g1.—8..)uzB?] and  Esy
=(1/2)[-8 % (g),.+8..) upB] are obtained by the matrix di-
agonalization. Zeeman energy of the dark exciton is larger
than that of bright excitons and hence causes energy cross-
ing. Calculated E;, E,, E3, and E4 at #=0° are plotted in Fig.
1(b), where g,.=1.02 is assumed. A dark exciton |+2),
crosses with bright excitons |-1), and |+1), at 1.5 and 2.5 T,
respectively.

The sample studied was charge-tunable InP self-
assembled QDs (areal density ~10'°cm™) grown on an
n*-GaAs substrate. A single layer of InP QDs 40 nm in av-
erage diameter and 5 nm in height was grown between the
100 nm InjsGagysP barrier layers. Under the above-barrier
excitation, the sample shows the photoluminescence (PL)
band peaked at 1.73 eV, as shown in Fig. 1(a). External elec-
tric bias applied to the sample controlled the Fermi level of
the electron doped substrate and the charged state of the
QDs.”1% Trionic quantum beat showed that there is, on an

PHYSICAL REVIEW B 77, 115331 (2008)

average, one doped electron per dot under electric bias of
U=-0.1 V.19 Under the positive bias, QDs are doped by
more than two electrons, while QDs become neutral below
U=-0.4V, where excitonic quantum beat was clearly
observed.”

A continious-wave or picosecond Ti:sapphire laser was
used for the linearly polarized quasiresonant excitation of
InP QDs at 1.771 eV. The sample was set in a superconduct-
ing magneto-optic cryostat (|B|<6 T). The magnetic field
was parallel to the optical excitation axis and the sample
growth direction was rotated from the optical axis by an
angle of 6. The magnetic field was measured by a low-
temperature InAs Hall detector. The PL polarization was
measured at 1.722 eV in the reflection geometry with a pho-
toelastic modulator (PEM) and a Glan-Thompson linear po-
larizer as a circular polarization analyzer and was detected
by a GaAs photomultiplier together with a double monochro-
mator and a two-channnel gated photon counter. For the
time-resolved measurement, a quarter wave (\/4) plate and a
synchroscan streak camera were used instead of the PEM
and the photomultiplier. The degree of circular polarization,
p, is defined by p=(I,—1_)/(I,+1_), where I, and I_ are the
intensities of the right (o*) and left (0”) circularly polarized
PLs under linearly polarized pumping, respectively.

Magnetic-field-dependent circular polarization of PL in
InP QDs strongly depends on the charging condition. When
InP QDs are doped by one electron or two electrons under
the electric bias of U=—-0.1 V and U=+0.5 V, respectively,
the circular polarization of PL monotonously decreases in
proportion to the longitudinal magnetic field (not shown). In
both the cases, two electrons, one doped electron and one
photocreated electron or two doped electrons, form spin sin-
glet at the lowest quantum state and the thermal spin orien-
tation between Zeeman levels of the hole solely determines
the polarization of PL.

Under the electric bias of U=-0.8 V, quasiresonant exci-
tation at 1.771 eV produces the PL spectrum shown in Fig.
1(a) having small transverse acoustic (12 meV), longitudinal
acoustic (22 meV), and longitudinal optical (LO) phonon
(43 meV) structures. The phonon structures arise as a result
of competition between nonradiative tunneling of holes at
the photoexcited excited state and the phonon-mediated re-
laxation from the quasiresonantly excited states in InP quan-
tum dots.''~!3 The PL polarization was measured at 1.722 eV
indicated in Fig. 1(a). The acoustic-phonon-mediated relax-
ation should participate in the energy relaxation by 49 meV
which is not equal to the LO phonon energy. The LO-
phonon-mediated relaxation is so fast that spin orientation is
kept highly, while acoustic-phonon-mediated relaxation is so
slow that spin orientation is lost considerably, consistent with
the report on CdSe quantum dots.'* The linearly polarized
excitation we used produces two sets of opposite spin polar-
izations and the spin polarization of each set is lost equally
and considerably. As a result, two bright excitons are formed
equally and two dark excitons are formed equally. The bal-
ance between two bright excitons is reflected by the observed
zero circular polarization at B=0, shown in Fig. 1(c).

Under the electric bias of U=-0.8 V, InP QDs are neu-
tral. The o* polarized PL intensity of neutral InP QDs en-
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FIG. 2. (Color online) Calculated f; and E; at #=30° with pa-
rameters g, ,=1.02, 7y/7,=10, 7,/ 7,=10, and G,/ Gy=1.

hances at 1.5 and 2.5 T in the Faraday configuration at 5 K,
as is shown in Fig. 1. Simultaneously, the ¢~ polarized PL
intensity enhances at 2.5 and —1.5 T. Hence, p has a dip
(peak) at 2.5 T (-2.5 T) and a peak (dip) at 1.5 T (-1.5 T).
The good agreement in crossing magnetic fields, 1.5 and
2.5 T, between the calculation and the experiment shows that
the resonant spin orientation takes place at the crossing
points between bright and dark excitons. It also shows that
gn.=1.02.

Spin polarization of excitons in semiconductors due to
spin relaxation and sublevel mixing in the external magnetic
field is discussed by Ivchenko and Kaminskii.'>'® Under the
steady state, the population at the |j) state of the exciton, fis
is determined by the following rate equation equalized to O:

#_ L (L_L)mj,:&

at i g M Ty

where the first term in the second side describes the popula-
tion decrease by the recombination, the second term the spin
relaxation transfer between the |j) states of exciton, and the
third term the generation rate of the |j) states of exciton. The
recombination rate 1/7; is determined by nonradiative
recombination rate 1/7, and radiative recombination
rate 1/7, multiplied by the bright exciton component,
1/ 7=(1/7)(|C;1*+|C; _1|))+ 1/ 7. The transfer rate 1/7T;:;
between the |j) and |j’) states of the exciton is given by
1/Tj’jz(l'vj’j/ Tv)zm'mnm’m|cj,mcj’m’ 29 where Ts is the Spin
flip time, assuming spin flip of a single electron or hole alone
(D= Spmmr|1» 1=1,3)."° Here, the thermal Boltzmann dis-
tribution between the |j) and |;) states of the exciton is given
by wy;=1 for E;<E; or wj=exp[—(E; —E;)/kgT] for
E;>E, The generation rate for the |j) and |j’) states
of the exciton is given by Gj=G,(|Cj,1|2+|Cj’_1|2)+G0,
G,/Gy=1 (Ref. 17) for linearly polarized quasiresonant ex-
citation. After fj are obtained, I. are calculated by
Lo |Cy c1[f1+|Co i o+ |Cs i f3+|Co <1 [fy and p is cal-
culated by p=(I,—1_)/(I,+1_).
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FIG. 3. (Color online) Circular polarization of luminescence of
neutral InP quantum dots and calculated circular polarization under
the tilted magnetic field at #=30°. The parameters g, .=1.02,
10/ 7,=10, 7,/ 7,=10, and G,/Gy=1 (Ref. 17) were used.

The calculated f; are displayed together with E; as a func-
tion of the magnetic field for #=30° in Fig. 2. The existing
probability for dark excitons is high because of their long
lifetime. At the anticrossing points, the wave function of the
dark exciton mixes with the wave function of bright exci-
tons, and therefore, the more existing dark exciton lumi-
nesces through the bright exciton components, Cj,i1|2. As a
result, o) polarized PL increases. The calculated p is plot-
ted in Fig. 3 and generally agrees with the experimental p.
The resonant spin orientation structures for #=30° are ob-
served at slightly smaller magnetic fields than 1.5 and 2.5 T
because of anisotropy of the hole g factor and increasing
off-diagonal element in the Hamiltonian. The resonant spin
orientation comes from increase of the luminescence of ex-
isting dark excitons. This means that the spin flip time is not
shorter than the lifetime of the exciton and that dark excitons
are existing more than bright excitons. Then, dark excitons
work as the carrier and spin reservoir because of their long
lifetime. With the increase of temperature, resonant spin ori-
entation structure gradually decreased and disappeared at
65 K. This temperature dependence is not explained by the
thermalization between |j), w;;, because (E; —E;)/kzT<1
holds for anticrossing pairs. Instead, it is explained by the
decrease of the spin relaxation time 7, at the elevated tem-
perature. With the increase of temperature, 7, decreases and
dark excitons do not work as the spin reservoir because of
frequent conversion between dark excitons and bright exci-
tons. Calculation showed that decrease of 7,/ 7, to 1 resulted
in 85% reduction in the resonant spin orientation structure.
The decrease of the spin relaxation time 7, at the elevated
temperature was reported in our preceding papers.'®!°

In longitudinal magnetic field (6=0°), bright excitons do
not mix with dark excitons in the frame of the present spin
Hamiltonian. Then, crossing does not give any change of the
polarization on the theoretical model. However, precise
6-dependent measurement with resolution of 0.1° showed no
decrease of the resonant spin orientation structure. This fact
suggests that the spin Hamiltonian contains a small off-
diagonal element except for the (uzB/2)g,,sin 6 and
(upB/2)g sin 0 terms, as is discussed previously.!> The
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FIG. 4. (Color online) Temporal change of the o* and ¢~ polar-
ized luminescences (solid lines) and circular polarization (O) as a
function of the longitudinal magnetic field at 5 K.

off-diagonal element may come from lowered symmetry of
InP dots and hyperfine interaction between electron and
nuclear spins. If we assume a small off-diagonal element,
Vi3=Vou=V3,=Vy,!% of 1.7 ueV, calculation shows that the
resonant spin orientation structure for #=0° is narrowed but
is not reduced in the amplitude. Fluctuated nuclear hyperfine
field By applied to electrons that we observed in InP QDs is
15 mT, which corresponds to energy change of g.ugBy
=1.7 ueV for electrons.”’ Therefore, hyperfine interaction
between electron and nuclear spins as well as symmetry re-
duction of QDs from C,, are the probable origin for the
off-diagonal element causing the anticrossing for 6=0°.
Then, bright excitons mix with dark excitons at B=1.5 and
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2.5 T and strong anticrossings and resonant spin orientation
take place.

Temporal change of the circular polarization of PL is
shown in Fig. 4 as a function of the longitudinal magnetic
field. Circular polarization is almost constant at B=0, -2,
and —4 T. It slowly decreases at —1.5 T, while it increases at
—2.5 T as time proceeds. The slow decrease and increase are
explained by mixing of the bright and dark excitons at the
anticrossing. At —1.5 T (=2.5T), |-1)y (J+1),) state mixes
with |-2), state, and o~*) polarization increases as time pro-
ceeds because the contribution of more existing long-living
dark exciton to the =™ polarized PL grows. At the —1.5 and
—2.5 T, respectively, o0~ and ¢* polarizations are observed
before the rise of PL. They are explained by the long lifetime
of the dark exciton comparable to 12 ns of the laser repeti-
tion period. The decay time constant of PL is 260 ps, as is
shown in Fig. 4. Suppose 7,=260ps, 75/7,=10 and
7,/ 7,=10 give 7y=2.6 ns and 7,=2.6 ns. The exciton spin
relaxation time is much longer than the bright exciton life-
time, in consistent with previous study on QDs.>!-23

In summary, resonant spin orientation of excitons was ob-
served under linearly polarized quasiresonant excitation
around two anticrossing points of excitons in InP QDs. Un-
der the longitudinal and tilted magnetic fields of 1.5 and
2.5 T, two anticrossings of bright and dark excitons take
place. Then, bright and dark excitons mix with each other
and the wave function mixing induces the resonant spin ori-
entation. Time-resolved circular polarization clearly showed
the resonant spin orientation due to mixing of bright and
dark excitons at the anticrossing points. Dark excitons can
work as the carrier and spin reservoir because of their long
lifetime. We demonstrated that magnetic field can control the
spin entanglement and the resonant spin orientation of QDs.
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