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We have obtained the optical pumping of hole spins, in p-doped InAs/GaAs quantum dots, via the

generation of an intermediate trion state by a train of circularly polarized pulses. We show that we

can optically control the orientation of the initialized hole spin, independently of the orientation of

the intermediate trion state, by choosing the excitation energy of the circularly polarized light. This

brings a supplementary degree of freedom for hole-spin manipulations in quantum dots. VC 2012

American Institute of Physics. [doi:10.1063/1.3673828]

A single spin confined in a quantum dot (QD) is a poten-

tial candidate for applications in nanoscale spintronics and

as a solid-state qubit.1–3 During the past years, the contact

electron-nuclear spin interaction has been identified as the

ultimate limit for these applications. Recently, several stud-

ies have been centred on hole spins since the p-type charac-

ter of the valence-band Bloch functions results in a weaker

hole-nuclear spin interaction and then in longer dephasing

times.4–11 The initialization of carrier spins is a key process

in the framework of information processing. In the last years,

a special attention has been devoted to the all-optical

approach which allows very high-speed spin manipulations,

in addition to spin polarization and readout. Optical pump-

ing, in particular, leads to the spin polarization and initializa-

tion via the absorption of circularly polarized photons.

Hence, hole-spin initialization has been accomplished by an

optical excitation, circularly polarized and resonant with the

trion transition,4,7 or by the ionization of a spin-polarized

photo-created electron-hole pair.12 In this letter, we report

the hole-spin optical pumping by using an excitation tuned

either at the ground-state trion transition or at higher-energy

continuum states provided by the wetting layer (WL). For

both excitations, the trion state is an intermediate state in the

hole-spin polarization process. We show that we can opti-

cally control the orientation of the polarized hole spin, inde-

pendently of the orientation of the intermediate trion state,

by choosing the excitation energy of the circularly polarized

light.

The investigated sample contains 30 planes of chemi-

cally p-doped InAs/GaAs QDs grown by molecular-beam

epitaxy on a (001) GaAs substrate. More details about this

sample are given in Ref. 7. The photoluminescence (PL)

spectrum at 2K is centred at 1.36 eV and has a half width at

half maximum of about 15 meV.

To probe the resident hole-spin polarization, we have

measured the photo-induced circular dichroism (PCD).13 We

used two synchronized mode-locked Ti:sapphire lasers pro-

ducing trains of 2-ps pulses with a 76-MHz repetition rate.

This two-laser-cavity scheme allows us to independently

choose the pump and probe energies. The pump-beam polar-

ization is r
þ=r� modulated at 42 kHz with a photo-elastic

modulator, and the pump energy is tuned at different optical

transitions of the sample. The probe beam is linearly polar-

ized and tuned at 1.36 eV, the energy of the first optical tran-

sition of the optically selected ensemble of InAs/GaAs QDs.

After transmission through the sample, the probe beam is

analysed into its two circular components, and the difference

in their intensities is measured with a balanced optical

bridge. To improve the signal-to-noise ratio, a double lock-in

amplifier analysis of the signal is performed, the pump and

probe beams being modulated with a mechanical chopper at

two different frequencies.

Considering pure heavy-hole (hh) states, the PCD signal

has two contributions: (1) the population difference

qþ3=2 � q�3=2 of the spin-polarized hh ground states

Jz ¼ 63=2 (q
63=2 being the 63/2 hole state population) and

(2) the population difference qþ1=2 � q�1=2 of the spin-

polarized trion states Sz ¼ 61=2 (q
61=2 being the 61/2 trion

state population). Thus, the PCD signal satisfies

PCD / ðqþ3=2 � q�3=2Þ � ðqþ1=2 � q�1=2Þ. As already dem-

onstrated elsewhere, the optical pumping of the resident

holes in p-doped QDs can be obtained by an optical pulsed

excitation, circularly polarized and resonant with the trion

transition.7,14 The inset of Fig. 1(a) shows the PCD signal

obtained for a resonant excitation as function of pump-probe

delay. We have tuned the two synchronized mode-locked

Ti:sapphire lasers at the same energy, 1.36 eV. The presence

of a non-zero PCD signal at pump-probe delays larger than

the trion lifetime (TR � 800 ps), and comparable to the repe-

tition period TL � 13 ns of the pump pulses, is a signature of

the optical pumping of the resident hole spins. Figure 2(a)

shows the mechanism for the resonant optical pumping of

the hole spins. The r
þ pump beam at normal incidence cre-

ates a hole with angular momentum Jz ¼ þ3=2 and an elec-

tron with spin Sz ¼ �1=2. The efficient hyperfine interaction
of the photo-created electron imposes a coherent coupling of

both electron spin projections during the trion lifetime and

leads, after emission of a r
� photon, to a positive hole-spin

polarization: qþ3=2 > q�3=2.

When the pump-beam energy is resonant with the WL

optical transition, at 1.44 eV, the obtained PCD curve is

clearly modified [see Fig. 1(a)]: a non-zero signal at negative

pump-probe delays is still observed, but for this excitation

a)Author to whom correspondence should be addressed. Electronic mail:

maria.chamarro@insp.jussieu.fr.
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energy, it becomes negative while the signal at short delays

does not change its sign. As the PCD signal at negative

delays writes PCDð0�Þ / qþ3=2 � q�3=2, the sign modifica-

tion of this long-living signal means that a reversal of the

hole-spin polarization has been obtained, without reversal of

the transient trion-spin polarization. A hole-spin reversal is

also observed when the pump beam excites mixed states15

involving one QD-bound electron and one delocalized hole

(e.g., at 1.39 eV).

Figure 2(b) shows a scheme of the non-resonant optical

pumping of the hole spins, through a r
þ excitation of the

WL transition. Previous works7,16 show that in p-doped

QDs, the trion PL is co-polarized according to the laser hel-

icity, which implies that the electron spins do not predomi-

nantly flip before recombination. One deduces that,

following an optical excitation within the WL, the initial

hole-spin orientation is lost due to the efficient spin relaxa-

tion process in the WL, whereas the electron-spin polariza-

tion partially remains after the capture and energy relaxation

processes.16 After trion recombination (with emission of a

r
þ photon), it is then possible to observe a hole-spin polar-

ization with a sign opposite to the one obtained under reso-

nant excitation: qþ3=2 < q�3=2.

In a previous work, we have developed a model of the

interconnected dynamics of the photo-created electron spin

and the resident hole spin, triggered through the optical exci-

tation by a train of short pulses. This model is very useful to

describe the temporal behaviour of the PCD when an applied

magnetic field screens the hyperfine interaction.14 Here, we

have adapted this model to a non-resonant excitation. Basi-

cally, as for a resonant excitation, we assume that the dy-

namics of the electron spin, ~S, and the one of the resident

hole spin, ~J , follow these two equations:

d~SðtÞ

dt
¼

gelB
�h

ð~B
e

N þ ~BÞ � ~SðtÞ �
~SðtÞ

TR
; (1)

d~JðtÞ

dt
¼

ghlB
�h

ð~B
h

N þ ~BÞ � ~JðtÞ þ 3
ð~S:~zÞ~z

TR
�

~JðtÞ

T1
; (2)

where ~z is the unit vector along the growth direction of the

sample, lB is the Bohr magneton, and ge and gh are the Landé

factors of the electron and hole, respectively. ~B
e

N (~B
h

N) is the

effective nuclear field induced by hyperfine coupling and act-

ing on the electron (the hole); ~B ¼ B~z is the applied magnetic

field. TR is the trion lifetime, and T1 is the long-scale relaxa-

tion time of the hole spin.17 A periodicity condition is also

imposed: ~JðT�
L Þ ¼ ~Jð0�Þ, where TL is the period of the pulsed

excitation and the superindex (–) means before the pump

pulse. For a resonant excitation, the z component of the photo-

created electron spin Szð0
þÞ {of the resident hole spin

Jzð0
þÞg, after a r

þ-polarized pump pulse with pulse area H,

is written as Szð0
þÞ ¼ sin2ðH=2Þ½2Jzð0

�Þ=3� 1�=4 fJzð0
þÞ

¼ ½1� sin2ðH=2Þ=2�Jzð0
�Þ þ 3sin2ðH=2Þ=4g. These last

equations have to be changed under non-resonant excitation

conditions, because, contrarily to the resonant case, all the

QDs monitored by the probe beam energy are able to capture

an electron-hole pair, independently of the spin of their resi-

dent hole.18

For a non-resonant excitation, the capture process by the

QDs is considered very fast as compared to the radiative

FIG. 1. (Color online) (a) PCD signals versus pump-probe delay obtained at

2K, under a non-resonant excitation (at 1.44 eV), and for different values of

an applied longitudinal magnetic field. [Inset: PCD signals under a resonant

excitation; the pump energy is tuned at 1.36 eV, the energy of the probe

beam.] (b) Theoretical curves of PCD: PCDðtÞ / 2JzðtÞ=3� 2SzðtÞ, for a r
þ

excitation in the WL. We have used the same parameters as in Ref. 14, and

f ¼ 0:5, pe ¼ 0:9, and ph ¼ 0:1.

FIG. 2. (Color online) Mechanisms of optical pumping of the hole-spin

polarization in p-doped InAs/GaAs QDs (a) under a r
þ excitation resonant

with the trion transition and (b) under a non-resonant rþ excitation in the

WL. Arrow + (or *) represents resident [full blue] or photo-created [hollow

red] hole spin Jz ¼ �3=2 (or Jz ¼ þ3=2); arrow # (or ") represents the

photo-created electron spin Sz ¼ �1=2 (or Sz ¼ þ1=2).
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time of excitons in the WL. The kinetic equations describing

the capture dynamics can be written as follows:

dN*#ð*"Þ=dt ¼ �cn+N*#ð*"Þ �
Ch

2
½N*#ð*"Þ � N+#ð+"Þ�

�
Ce

2
½N*#ð*"Þ � N*"ð*#Þ�; (3)

dN+"ð+#Þ=dt ¼ �cn*N+"ð+#Þ �
Ch

2
½N+"ð+#Þ � N*"ð*#Þ�

�
Ce

2
½N+"ð+#Þ � N+#ð+"Þ�; (4)

dn*ð+Þ=dt ¼ �cn*ð+Þ½N+#ð*#Þ þ N+"ð*"Þ�; (5)

dT#ð"Þ=dt ¼ cn*N+#ð+"Þ þ cn+N*#ð*"Þ: (6)

Equations (3) and (4) concern the four rate equations for the

concentrations of all spin states of the bright (N*#;N+") and

dark (N*";N+#) excitons. Equations (5) and (6) concern two

rate equations for the concentrations n* or n+ of the p-doped

QDs with a resident spin-up or spin-down hole, and other

two equations for the concentrations T" or T# of trions with a

spin-up or spin-down electron. ChðCeÞ denotes the hole-spin

(electron-spin) relaxation rate in the WL. c is a phenomeno-

logical spin-independent cross section of capture by the

QDs. Because of the capture terms, the Eqs. (3)–(6) are non-

linear. If the concentration N0 of *# excitons created by the

r
þ pump pulse is small as compared to the concentration n0

of the studied p-doped QDs, it is possible, to first order in the

capture fraction f ¼ N0=n0, to keep n*ð+Þ � n*ð+Þð0
�Þ con-

stant in Eqs. (3) and (4). One then deals with linear equa-

tions, which can be analytically solved. Defining a capture

rate C ¼ cn0=2 and assuming Ch � C;Ce,
19,20 one finds the

following relations on the resident-hole-spin and trion-spin z

components, relating their values after excitonic capture

with those before the rþ pump pulse:

Jzð0
þÞ ¼ ½1� f ð1� phÞ�Jzð0

�Þ þ
3

2
fph; (7)

Szð0
þÞ ¼ �

1

2
fpe; (8)

where peðphÞ is the fraction of the electron-(hole-)spin

polarization remaining after the capture process:

pe;h ¼ ½1þ Ce;h=C�
�1
. We can consider two limit cases: (1)

if the hole depolarization is perfect in the WL, ph ¼ 0, and

as expected, the hole-spin polarization at t ¼ 0þ is the frac-

tion 1� f of the one existing before the pulse (1� f is the

fraction of the QDs which have not undergone capture) and

(2) if the initial system is unpolarized, Jzð0
�Þ ¼ 0, and the

hole Jzð0
þÞ and trion Szð0

þÞ spin polarizations arise from the

fraction f of QDs which have undergone capture, taking into

account the maintaining factors pe;h.

For a non-resonant excitation, it is then possible to cal-

culate PCDðtÞ / 2JzðtÞ=3� 2SzðtÞ for different values of an
external longitudinal magnetic field [see Fig. 1(b)]. The

agreement with Fig. 1(a) is fairly good. Our simple model

remarkably reproduces, for acceptable f , pe, and ph parame-

ters, all the experimental trends shown in Fig. 1(a): the cal-

culated curves show a negative signal at negative delays and

a positive signal at short-time delays after the pump pulse.

Moreover, the PCD signal becomes more and more negative

for increasing magnetic fields, as for the experimental data

of Fig. 1(a). Nevertheless, slight discrepancies are observ-

able: in absence of applied magnetic field, the calculated sig-

nal level at negative delays is too high, and at high magnetic

field, the temporal signal behaviour is different from the ex-

perimental one.

Figure 3(a) shows the measured magnetic field depend-

ence of the PCD signal at a negative delay, for a non-

resonant excitation (at 1.44 eV). Two regimes are clearly

identified: first, in the range 0-10mT, a fast increase with

increasing magnetic field and second, for jBj> 10mT, a

slower magnetic field evolution. Figure 3(b) shows these two

regimes in the calculated curve PCDð0�Þ / Jzð0
�Þ. The

low-magnetic-field regime corresponds to the screening of

the hole hyperfine interaction, and the slower increase of the

negative PCD signal in the range B¼ 10-100mT is associ-

ated to the screening of the electron hyperfine

interaction.7–9,14 In this latter range of magnetic field, the

magnitude of hole-spin polarization increases more steeply

in the experiment than what our simple model can reproduce.

This may be due to an increase of the electron maintaining

factor pe with magnetic field (pe was kept constant in our

model).

In conclusion, we have performed pump-probe experi-

ments in p-doped InAs QDs leading to the optical pumping

and read-out of the resident hole spins. For a resonant excita-

tion, trions are directly photo-created in the QDs, and the

hole-spin polarization arises from the electron hyperfine cou-

pling in the trion state. For a non-resonant excitation,

electron-hole pairs are photo-created in the WL, their capture

by the QDs produces trions, and the hole-spin polarization

comes from the preserved (lost) electron (hole) orientation in

the WL. In both cases, an intermediate state, the trion, is cre-

ated whose spin orientation is fixed by the helicity of the

FIG. 3. (Color online) PCD signals at negative pump-probe delay as func-

tion of a longitudinal applied magnetic field, under a non-resonant (1.44 eV)

excitation: (a) experimental data; (b) calculated curve, where the used

parameters are those mentioned in Fig. 1(b). [Insets: magnifications around

zero magnetic field.]
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pump beam, independently of the final orientation of the res-

ident hole, which is fixed by the excitation energy. Hence,

for a non-resonant excitation, the optical pumping results in

the inversion of the resident hole-spin polarization, with

respect to the photo-created hole orientation. Finally, we

have developed a model taking into account the coupled dy-

namics of the electron-hole-pair, trion, and hole spins; the

calculations are in good agreement with the experiments per-

formed in a longitudinal magnetic field.

We acknowledge support from the French ANR-P3N

contract QUAMOS and region Île-de-France.
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