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We report the experimental realization of coherent electron spin flip in a modulation-doped CdTe

quantum well. Coherent spin rotation is realized with an off-resonant laser pulse, which induces a

polarization-dependent optical Stark shift in the trion resonance. Complete electron spin flip is made

possible by a laser pulse designed to avoid excessive excitations of nearby exciton resonances and

minimizes detrimental many-body effects. These results demonstrate an effective approach for ultrafast

optical spin control in a complex spin system.
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The understanding and control of spin dynamics in

individual and ensemble electron spins in semiconductors

have attracted intense research efforts in recent years [1,2].

Individual spins can serve as qubits for quantum informa-

tion processing. Ensemble spin systems can be exploited

for a variety of applications such as spin-based electronic

devices [1,2], electromagnetically induced transparency

[3], and light-matter quantum interfaces [4]. Coherent

spin rotation with time scales faster than other dynamical

processes is crucially important for many of these appli-

cations as well as for fundamental spectroscopic studies.

Various resonant and off-resonant ultrafast optical spin

rotation schemes have been analyzed theoretically [5–8].

While complete electron spin flips with ultrafast optical

pulses have recently been demonstrated in single quantum

dots (QDs) that feature atomiclike optical transitions

[9,10], only a limited degree of spin rotation has been

achieved in ensemble spin systems including 2D electron

gases (2DEGs), donor-bound electrons, and inhomogene-

ously broadened QDs [11–15]. Among the various en-

semble spin systems, 2DEGs are especially interesting

and challenging since, in addition to short decoherence

times, coherent optical processes in a 2DEG are also

strongly influenced by inherent many-body interactions

among electrons, excitons, and trions.

In this Letter, we report the experimental demonstration

of complete electron spin flips in a 2DEG using an off-

resonant ultrafast laser pulse (referred to as the control

pulse). The coherent electron spin rotation takes place

via a polarization-dependent optical Stark shift of the trion

resonance [11]. Complete electron spin flip is demon-

strated via a comparison of coherent spin dynamics before

and after the arrival of the control pulse. The key to our

experimental success is the use of a control pulse which

avoids excessive excitations of nearby exciton resonances

and thereby minimizes detrimental many-body effects. The

experimental results on the electron spin flip are in good

agreement with separate measurements of optical Stark

shifts and with our theoretical analysis based on optical

Bloch equations (OBEs).

For a 2DEG in a quantum well (QW) with growth axis

along z, a �þ (or ��) polarized optical field couples the

electron state with sz ¼ 1=2 (or sz ¼ �1=2) to trion state

jtþi (or jt�i), which consists of a hole with Jz ¼ 3=2 (or

Jz ¼ �3=2) and two electrons with opposite spins, as

shown in Fig. 1(a) [16]. In the presence of an in-plane

external magnetic field along the x axis, the electron spins

precess in the y-z plane with Larmor period TB. In the limit

that the optical pulse duration is short compared with TB,

spin precession occurring during the optical interaction can

be ignored and the optical transition can still be approxi-

mated as that shown in Fig. 1(a) [7]. In this case, an off-

resonant �þ polarized pulse induces an optical Stark shift
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FIG. 1 (color online). (a) Schematic of the energy level struc-

ture of the trion transition, as discussed in the text. (b) Experi-

mental setup for the spin rotation measurement. The pump

intensity is modulated for lock-in detection. (c)–(e) Measure-

ments of optical Stark shifts induced by the off-resonant control.

The absorption spectra are obtained (in the absence of the pump)

with the probe arriving at the peak of (solid curve), 20 ps before

(dotted curve), and 20 ps after (dashed curve) the control. The

pulse timing is shown schematically in (c).

PRL 102, 237402 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending
12 JUNE 2009

0031-9007=09=102(23)=237402(4) 237402-1 � 2009 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.102.237402


for jsz ¼ 1=2i, resulting in a frequency separation, �!ðtÞ,
between jsz ¼ 1=2i and jsz ¼ �1=2i. The overall phase

shift between these two spin states induced by the optical

pulse is

� ¼
Z

�!ðtÞdt: (1)

This phase shift corresponds to a spin rotation of angle �
around the z axis. For complete spin flip, �!��2=2�
and �! � � is of order�, where � is the pulse duration,� is

the detuning from the trion resonance, and � is the peak

optical Rabi frequency.

At first glance, it appears that in order to avoid the

excitation of the trion population and the decoherence

occurring during the optical interaction, � � � and � �
1=�, where � is the trion dipole decoherence rate, are

needed for coherent spin flip. This, however, is not the

case for a 2DEG, which has a trion binding energy, Eb,

only a few times @�. Strong optical coupling to nearby

exciton resonances or electron-hole pairs and the resulting

many-body effects have hindered earlier attempts to

achieve the complete electron spin flip in 2DEGs [11,14].

To avoid the excitation of excitons and electron-hole

pairs, one needs to minimize optical coupling to transitions

other than the trion resonance. In a counterintuitive way,

this dictates that 1=�, �, and especially � should not

greatly exceed Eb=@. A suitable choice of control parame-

ters, which can meet these requirements, is �� 1=� and

�� ðEb=@Þ
2�=2�, with �� Eb=@ for complete spin flip.

In essence, Eb is the key constraint for the design of the

control pulse. Note that our own attempts of coherent

electron spin flips in 2DEGs with off-resonant pulses fea-

turing � � Eb=@ have not succeeded.

The experimental studies were carried out at 5 K in a

high quality n-doped CdTe QW grown by molecular beam

epitaxy on a Cd0:88Zn0:12Te substrate that is transparent

near the band edge. The sample consists of 10 periods of

10 nm CdTe wells and 45 nm Cd0:84Zn0:16Te barriers [16].
The modulation doping density is estimated to be 3�
1010=cm2. At 10 K, the trion resonance is characterized

by a linewidth of 0.8 nm (1.6 meV) and a trion binding

energy of 2.5 meV (1.25 nm).

For coherent spin rotation, we have chosen a control

pulse which has a duration of 2 ps (bandwidth 0.5 nm) and

is only slightly detuned (2 nm or 4 meV) below the trion

resonance, in contrast to the usual assumption of � � 1=�
and � � �. The control is added to a conventional pump-

probe setup, as shown in Fig. 1(b). In these experiments,

the pump initializes via the trion transition an electron spin

polarization along the z axis [17–19]. The spin polarization
precesses around the external magnetic field along the

x axis (B¼0:4T). A weak probe, arriving at a later time,

detects the spin precession by measuring the differential

transmission (DT) induced by the precessing spin polar-

ization [19]. The control, applied at a fixed delay after the

pump, induces an electron spin rotation around the z axis.

All three laser pulses are derived from a femtosecond

mode-locked Ti:sapphire laser (repetition rate 82 MHz)

with grating-based spectral pulse shapers. After propagat-

ing through the sample, the spectrally broad probe is dis-

persed in a spectrometer. The change in the probe

transmission induced by the pump is measured with lock-

in detection. The pump and probe have the opposite and the

control and probe have the same circular polarization. The

trion density excited by the pump is kept below a few times

109=cm2 to avoid additional decoherence. The spot size for

the pump, probe, and control is estimated to be 3� 10�5,

1� 10�6, 2� 10�5 cm2, respectively. An average control

power of Ic ¼ 1 mW corresponds to an energy flux per

pulse of 0:6 �J=cm2.

We have carried out detailed experimental studies to

probe the changes in both trion and exciton resonances

induced by the control. Ideally, for coherent spin rotation,

the control should induce optical Stark shifts, but excite no

real populations. Figures 1(d) and 1(e) show the probe

absorption spectra obtained (in the absence of the pump)

with the probe arriving at various delays relative to the

peak of the control [see Fig. 1(c)]. A comparison of the

absorption spectra when the probe arrives at 20 ps before

and at the peak of the control show an optical Stark shift of

0.3 and 0.6 nm for the trion resonance with Ic ¼ 10 mW
and Ic ¼ 20 mW, respectively [20]. More importantly, a

comparison of the absorption spectra when the probe ar-

rives at 20 ps before and 20 ps after the control shows that

with Ic ¼ 10 mW [see Fig. 1(d)] both the trion and exciton

resonances recover nearly completely after the passage of

the control and there is negligible bleaching in the absorp-

tion spectra. While excitations of exciton and trion popu-

lations are observed at Ic ¼ 20 mW [see Fig. 1(e)], bleach-

ing at both the exciton and trion resonances still remains

relatively small. These studies further validate our choice

of pulse parameters.

For transient DT studies, the excitation of jtþi by a �þ
-polarized pump leaves a net spin-polarized electron popu-

lation with sz ¼ �1=2 in the 2D electron gas, generating a

spin polarization initially along the z axis [17–19]. Larmor

precession of the spin polarization leads to spin beats with

TB ¼ 116 ps, as shown by the top curve in Fig. 2. The

phase of the spin beats indicates the direction of the spin

polarization in the y-z plane. The decay of the spin beats is
determined by the spin dephasing time T�

2 � 0:5 ns and has

been investigated in extensive earlier studies [17–19].

Figure 2 shows the temporal evolution of the spin po-

larization when a control is applied at a delay of 1:75TB

after the pump, at which time the spin polarization is along

the y axis. As illustrated by the Bloch vector in the inset of
Fig. 2, the control rotates the spin polarization around the

z axis. The amplitude of the spin beats is then determined

by the projection of the spin polarization in the y-z plane.
With increasing control power, the spin-beat amplitude

varies according to cosð�Þ, where � is the spin rotation

angle discussed earlier, while the phase of the spin beats
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remains either unchanged or changes by � (with the ex-

ception of the DT response obtained with the highest Ic in
Fig. 2). At Ic ¼ 10 mW, the spin beats vanish, indicating

that the spin polarization is rotated to the x axis, for which
there is no spin precession. In this case, the control pulse

corresponds to a�=2 rotation for the electron spin. At Ic ¼
20 mW, the control induces a spin flip. The spin rotation

observed in Fig. 2 is in good agreement with the optical

Stark shifts obtained from Fig. 1. The fidelity of the spin

rotation and the non-� phase shift observed at the highest

Ic in Fig. 2 will be discussed in detail later.

Figure 3(a) shows the temporal evolution of the spin

polarization when a control with Ic ¼ 20 mW is applied at

various delays after the pump and also compares the spin

evolution with that obtained in the absence of the control.

The spin dynamics depend on the arrival time of the

control. When the control is applied at a delay of 1:25TB

or 1:75TB after the pump, at which time the spin polariza-

tion is along the y axis, the control induces a phase change
of �, as discussed earlier. In comparison, since the spin

rotation is induced around the z axis, there is no phase

change when the control is applied at a delay of 1:5TB or

2TB after the pump, at which time the spin polarization is

along the z axis.
A unique signature of a complete electron spin flip is

that the spin precession should be symmetric with respect

to the arrival time of the spin-flip pulse, as illustrated in the

inset of Fig. 3(b). Figure 3(b) shows transient DT responses

obtained with Ic ¼ 20 mW and at various fixed pump-

control delays. For clarity, the DT responses are plotted

as a function of the control-probe delay instead of the

pump-probe delay. As shown in the figure, the phase of the

spin precession is symmetric with respect to the control-

probe delay, regardless of the arrival time of the control.

The symmetric spin dynamics not only represent a direct

and remarkable manifestation of the complete spin flip

induced by the control, but also demonstrate the feasibility

of using the ultrafast optical pulse for electron spin echoes.

We have analyzed theoretically the electron spin rotation

induced by an off-resonant control pulse by using the

OBEs associated with the trion transitions [7]. For the

calculation, the system is initialized such that at t ¼ 0
the spin population is all at state jsz ¼ �1=2i. A 2 ps

control pulse with a temporal Gaussian line shape is then

applied at a detuning of 4 meV below the trion resonance.

Other parameters used include � ¼ 2 ps�1, spin decoher-

ence rate �s ¼ 0:0025 ps�1, and trion recombination rate

� ¼ 0:01 ps�1, which is assumed to be small compared

with the hole spin relaxation rate. For simplicity, we have

ignored inhomogeneous broadening.

Figure 4 shows the calculated temporal evolution of the

population difference between the sz ¼ �1=2 spin states.

The calculation describes well all the important features of

the experimental results in Figs. 2 and 3. Figure 4(a) plots

the dependence of the spin dynamics on the intensity of a

control applied at tcontrol ¼ 2:25TB. Because of the dipole

decoherence occurring during the optical coupling, the

control excites a residual trion population that persists after

the passage of the control. This residual trion population

leads to the degradation in the fidelity of the spin rotation in
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FIG. 3 (color online). Transient DT obtained with Ic ¼
20 mW. (a) As a function of the pump-probe delay with the

control applied at a delay of 1:25TB, 1:5TB, 1:75TB, and 2TB

after the pump. The control timing can be seen from the spike in

DT. Dashed curves show the DT obtained without the control.

(b) As a function of the control-probe delay and at various fixed

delays between the pump and control. The Bloch sphere illus-

trates spin flips around the z axis.

Pump-probe delay (ps)

D
T

 (
A

rb
. 

U
n
it
s
)

0              200             400             600

y
z

x

y
z

x

z
B

x

z
B

x

36 mW

30 mW

20 mW

12.5 mW

10 mW

7.5 mW

5 mW

0 mW

FIG. 2 (color online). Transient DT as a function of the pump-

probe delay and with the control applied at a delay of 1:75TB

after the pump. The average control power is indicated in the

figure. The Bloch sphere illustrates a spin polarization initially

along the y axis rotating around the z axis.
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Figs. 4(a) and 2 as well as to a small amount of bleaching in

the trion resonance. The excitation of the residual trion

population also initializes an additional spin polarization,

which precesses in the y-z plane with a phase dependent on
the timing of the control. A control with a relatively high

intensity can thus induce a pronounced phase shift (other

than �) in the spin precession, as shown in Figs. 4(a) and 2.
It should also be noted that optical Stark shifts and thus the

degree of spin rotation are no longer proportional to the

control intensity when � exceeds or approaches �.
Figure 4(b) plots the calculated dependence of the spin

dynamics on the timing of the spin-flip control pulse,

revealing a slight asymmetry with respect to the arrival

time of the control. This asymmetry arises from the phase

shift in the spin precession due to the spin polarization

initialized by the control, as discussed above. The phase

shift depends on the timing of the control, leading to the

slightly curved pattern in Fig. 4(b). Note that the asymme-

try is more pronounced in the theory than in the experiment

since to underscore the effects of the residual trion popu-

lation we have used in the calculation a dipole decoherence

rate that significantly exceeds the actual decoherence rate
(near 1 ps�1).

In summary, by employing an off-resonant control pulse

that induces an optical Stark shift for the trion resonance

but avoids excessive excitation of nearby exciton reso-

nances, we have successfully realized the complete spin

flip of electrons in a 2DEG. The complete spin flip is
demonstrated by spin precessions that are symmetric

with respect to the arrival time of the control. The spin-

flip experiments are well described by a theoretical analy-

sis based on the OBEs. Our results demonstrate an effective

approach to realizing ultrafast optical spin control in a

many-body spin system. The fidelity of the spin rotation

can be further improved by exploiting quantum interfer-

ence and coherent control techniques [21]. The experimen-

tal realization of ultrafast spin flip paves the way for further

spectroscopic studies including spin echoes and the explo-

ration of dynamical decoupling of electron spins from their

surrounding environment with a series of ultrafast spin-flip

pulses [22–24].

This work is supported by NSF DMR Grant

No. 0804559 and by ARL.

Note added.—After submission of the Letter, we learned

of ultrafast optical spin flip in ensemble quantum dots

reported by Greilich et al. [25].
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FIG. 4 (color online). Calculated temporal evolution of the

population difference between sz ¼ �1=2 states with parame-

ters given in the text. (a) A control is applied at a delay of

2:25TB. The average control intensity is indicated in the figure

with I0 the average intensity for the �=2 pulse. (b) A control

with I ¼ 2I0 is applied at various fixed delays.
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