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Coherent Population Trapping of Electron Spins in a High-Purity n-Type GaAs Semiconductor
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In high-purity n-type GaAs under a strong magnetic field, we are able to isolate a lambda system
composed of two Zeeman states of neutral-donor-bound electrons and the lowest Zeeman state of bound
excitons. When the two-photon detuning of this system is zero, we observe a pronounced dip in the
excited-state photoluminescence, indicating the creation of the coherent population-trapped state. Our
data are consistent with a steady-state three-level density-matrix model. The observation of coherent
population trapping in GaAs indicates that this and similar semiconductor systems could be used for
various electromagnetically induced transparency type experiments.
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FIG. 1. (a) 3-level � system. (b) Energy level diagram of the
D0X and D0 states at 0 T. In all experiments, we resonantly
excite the main transitions and probe the excited-state population
via the TES photoluminescence. (c) Energy level diagram of D0

1s and lowest two D0X states in an applied magnetic field. A
complete energy diagram of the GaAs D0X states in a magnetic
field is found in Ref. [23]. In the spherical approximation, state A
corresponds to hole state L � 0, mh � �

3
2 and state A1 corre-

sponds to L � 1, mh � �
1
2 . Transition A� is allowed due to the

lack of spherical symmetry in the crystal lattice. To create a
population-trapped state, we apply a strong coupling field to
transition A and a weak probe field to A�.
In the past decade, great steps have been made toward
the coherent control of light using techniques based on
electromagnetically induced transparency (EIT) [1]. Light
has been slowed by 7 orders of magnitude [2], stored and
released on command [3–5], and coherently manipulated
while stored in atomic states [6,7]. The applications of an
integrated EIT system for quantum information processing
are numerous: robust entanglement creation for quantum
repeaters [8], single photon detection [9] and single photon
storage [4,10] for linear optics quantum computation [11],
and the creation of large optical nonlinearities [12] for
photonic gates in nonlinear optics quantum computation
[13,14].

EIT is based on the effect of coherent population trap-
ping, which was first observed in the 1970s in atomic gases
[15,16]. In a three-level � system, a probe field with Rabi
frequency �p couples states j1i and j3i, and a coupling
field with Rabi frequency �c couples states j2i and j3i
[Fig. 1(a)]. Optical pumping leads to a coherent superpo-
sition of states j1i and j2i that is decoupled from j3i due to
a quantum interference between the two transitions. The
crucial condition for coherent population trapping is that
the decoherence rate �12 between states j1i and j2i is slow
compared to the radiative decay rate of j3i. Furthermore,
for photon-storage applications, ��1

12 determines how long
quantum information can be stored [3].

Long decoherence times, which naturally arise in atomic
systems [4], are also possible in solids [17–19]. EIT has
been observed in rare-earth doped insulators [5], nitrogen-
vacancy centers in diamond [17], and in the transient
optical response of GaAs quantum wells [20]. Here we
consider electron spins bound to neutral donors (D0) in a
semiconductor, a system that could offer some unique
advantages. For example, the optical transitions to the
donor-bound-exciton states feature a small inhomogeneous
broadening (2 GHz) combined with a large oscillator
strength (1 ns radiative lifetime [21]). Furthermore, the
05=95(18)=187405(4)$23.00 18740
ground state is long lived, unlike the exciton states used
in previous semiconductor EIT experiments [20]. Finally,
donor impurities can easily be integrated into monolithic
microcavities. In this Letter, we report the observation of
coherent population trapping in an ensemble of D0 spins,
demonstrating that a � system can be optically addressed
and manipulated. While the degree of ground-state coher-
ence currently obtainable is small, it is thought to be
limited mainly by inhomogeneous broadening of the
electron-Zeeman splitting, which can hopefully be rem-
edied in pulsed experiments with spin-echo techniques.

The energy level structure of a neutral donor is shown in
Fig. 1(b). Because of the small electron effective mass and
high dielectric constant of GaAs, the wave function of a
neutral-donor-bound electron (D0) extends over many lat-
tice sites and is well described by the hydrogenic wave
5-1 © 2005 The American Physical Society
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function with a 100 Å Bohr radius [22]. With an applied
magnetic field, the 1s state splits into the two electron-
Zeeman spin states which are labeled j1i and j2i in
Fig. 1(c). The excited states consist of an electron-hole
pair, or exciton, bound to the D0 center. This donor-bound-
exciton complex (D0X), consisting of two electrons in a
spin-singlet state, a hole with quasi-spin-3=2, and the
donor impurity, can be resonantly excited from the D0

state. At zero magnetic field, the D0X is composed of
closely spaced orbital angular momentum states
[Fig. 1(b)]. In a magnetic field, each of the D0X states
splits into the four hole-Zeeman spin states. In Fig. 1(c)
we identify the lowest-energy D0X states as A and A1

following Ref. [23]. We denote transitions to the D0 state
jme � �

1
2i with a label only (e.g., A) and transitions to the

state jme �
1
2iwith an asterisk (e.g., A�). Although theD0X

predominately relaxes to the D0 1s state, there is a small
probability it will decay to an excited orbital D0 state.
These transitions are called ‘‘two electron satellites’’ or
TES [Fig. 1(b)].

Our sample consisted of a 10 �m GaAs layer on a 4 �m
Al0:3Ga0:7As layer grown by molecular-beam epitaxy on a
GaAs substrate. The sample had a donor concentration of
�5� 1013 cm�3. We mounted the sample strain-free in a
magnetic cryostat in the Voigt ( ~k ? ~B) geometry. A photo-
luminescence (PL) spectrum of the D0X emission at 7 T
and 1.5 K is shown in Fig. 2. With above-band excitation,
the A and A� transitions are clearly resolved. In addition,
we can identify the TES lines associated with state A by
resonantly exciting the A or A� transitions and observing
enhancements in the associated TES lines.

Coherent population trapping can be observed as a
decrease in the excited-state population when two-photon
resonance occurs. In our experiment, we monitor the
excited-state population using the TES fluorescence. In
photoluminescence excitation (PLE) scans, an external-
cavity diode laser resonant with the A transition
(817.448 nm) [see Fig. 1(c)] provides the ‘‘coupling’’ field,
and a ring Ti:sapphire laser, scanned across the A� tran-
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FIG. 2. Above-band and resonant excitation photolumines-
cence spectra of D0X. Transitions A and A� are clearly resolved.
With resonant excitation of transition A, the TES lines associated
with state A (labeled a, a�) are noticeably enhanced. A detailed
assignment of the D0X excited states can be found in Ref. [23].
Above-band TES intensities are 10 times the actual intensity.
Resolution is spectrometer limited.
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sition (817.358 nm), provides the ‘‘probe’’ field. The scan
resolution was measured using an optical spectrum ana-
lyzer to be better than 10 MHz. The energy splitting
between the two transitions corresponds to the 7 T
electron-Zeeman energy. The observed g factor jgj �
0:41 is close to the previously measured g � �0:43 deter-
mined by the 2p� splitting [23].

The results from a representative scan are shown in
Fig. 3. We discuss three scenarios: probe-laser only exci-
tation, two-laser excitation detuned from resonance, and
two-laser excitation on two-photon resonance. With the
probe laser only, the PLE spectrum gives a linewidth of
only 2 GHz. The data fit a Lorentzian line shape extremely
well and indicate that there is little inhomogeneous broad-
ening. The emission intensity is weak due to optical pump-
ing of most of the electron population into state j2i, which
for the probe laser only is a dark state. With both lasers
exciting the sample but detuned from two-photon reso-
nance, the emission becomes much stronger since in this
case there is no dark state. When the probe and coupling
lasers are brought into two-photon resonance, a pro-
nounced and narrow reduction of the emission intensity
is observed as a new dark state is formed which is a
coherent superposition of states j1i and j2i.

The decrease in the excited-state population observed on
two-photon resonance is incomplete because of decoher-
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FIG. 3. (a) Probe only PLE scan over A� transition. PL is
collected from the 2p� ‘‘a’’ TES line. Probe-laser intensity is
�0:15 W=cm2. (b) PLE scan over the A� transition with the
coupling-laser resonant on the A transition. Coupling intensity is
�2:5 W=cm2. A dip in the PLE intensity at zero two-photon
detuning due to coherent population trapping is observed.
Identical behavior is also observed for the 2p0 and 2s TES lines.
The solid line is a theoretical fit by the three-level density-matrix
model described in the text. The fitting parameters are �c �
650 MHz, �p � 16 MHz, �21 � �2:6 �s��1, �3a � 4:6 GHz,
�3b � 22 GHz, �32�1 ns�1, �31 � 0:08�32, �12��1:7 ns��1.
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ence and population relaxation between levels j1i and j2i.
The results can be understood in terms of a 3-level system
interacting with a reservoir, described by the density-
matrix master equation:

@
@t
� �

1

i@
�H;�	 �L��� � 0;

in which H is the Hamiltonian of the system and L��� is
the Linbladian operator describing the decoherence pro-
cesses. In the interaction picture and rotating wave ap-
18740
proximation,
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in which � is the probe detuning and � is the two-photon
detuning from the electron-Zeeman splitting. The relaxa-
tion operator L��� is given by
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FIG. 4. (a) PLE scans with varying coupling field intensities.
I � 1 W=cm2. The dip becomes wider and deeper relative to the
wings of the curve as the coupling field is increased. The only
fitting parameter varied between the 5 two-laser scans is T
(�12 / �e

�E=kT � 1��1). In order of increasing coupling inten-
sity, T � 1:5, 1.5, 2.0, 3.1, 4.6, 6.0 K. (b) Incoherent optical
pumping experiment with (i) coupling laser off, (ii) coupling
laser on. The coupling laser is tuned to transition A. The probe
laser is scanned over A�1 [see Fig. 1(c)]. An enhancement of the
PLE intensity in the two-laser case is observed without a dip at
zero detuning.
in which �12 (�21 � �12eE12=kT) is the longitudinal relaxa-
tion rate from j1i ! j2i (j2i ! j1i), �31 (�32) is the radia-
tive relaxation from j3i ! j1i (j3i ! j2i), �2 is the
transverse relaxation rate between j1i and j2i, and �3a
(�3b) is the level j3i dephasing without (with) the coupling
field. With these definitions, the total lower-level decoher-
ence rate is given by �12 �

1
2 ��12 
 �21� 
 �2.

Fitting �33 from the above model to the measured PLE
curve gives reasonable agreement, as shown in Fig. 3. The
only parameter that must be changed to fit simultaneously
both (a) the single laser and (b) two-laser scans is the level
j3i dephasing rate. The fit indicates slow (�s) electron
population-relaxation rates and fast (1–2 ns) electron de-
coherence rates in our system. Thus, the system exhibits a
lower-level dephasing rate on the same order as the
excited-state radiative lifetime (1 ns). From this fit, we
can also obtain the ratio of the two-state coherence, �12,
to the ideal case �12;ideal � �p�c=��2

p 
�2
c� and find that

�12=�12;ideal � 0:23. In the weak probe limit (�p �

�c;�31;�32), �12 reduces to

�12 �
�p�c

4�13�12 
�2
c

;

in which �13 (�12) is the total decay rate for �13 (�12) given
in Eq. (1). From this relationship, it is evident that the
coherence of this system is currently limited by the short
lower-level decoherence time as well as additional dephas-
ing of state j3i.

Additional measurements to verify the theoretically ex-
pected behavior are shown in Fig. 4. In Fig. 4(a), PLE scans
were performed at several coupling intensities. As the
coupling intensity increases, the population-trapped win-
dow at zero two-photon detuning becomes relatively wider
and deeper as expected. The data fit our theoretical model
if the lower-level population-relaxation rate is allowed to
increase with increased coupling field intensity. This in-
crease could be due to sample heating at large coupling-
laser powers. In our sample, the GaAs substrate was not
removed and absorbs all of the incident radiation. If we
assume a one-phonon spin-orbit relaxation process [24,25],
we are able to simultaneously fit the coupling power de-
pendence series by varying only the sample temperature
from 1.5 to 6 K. In a second experiment [Fig. 4(b)], the two
lasers are tuned to different excited states and the PLE dip
is not observed. In this case, the probe laser is tuned to the
A�1 transition and the coupling laser is tuned to the A
transition [see Fig. 1(c)]. As in the previous case, if only
the probe laser is applied, population becomes depleted
from state j1i and the PLE intensity is weak. The coupling
laser repopulates this state, and the PLE intensity is en-
hanced. The absence of the dip in this experiment as well
as the narrow dip in the � system (FWHM � homoge-
5-3
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neous broadening) indicate that our results cannot be ex-
plained by standard spectral hole burning.

We observe only a modest suppression of the excited-
state population. This is due to the 1–2 ns inhomogeneous
decoherence time T�2 . At the extremely low densities
(�5� 1013 cm�3) in our sample, the nuclear-electron hy-
perfine interaction becomes very efficient [26]. At these
densities, the donor electrons are well localized and do not
interact with each other. At 2 K the nuclei are essentially
unpolarized, and theoretical calculations predict nano-
second T�2 due to the random nuclear states [27].
Experimentally, a 5 ns T�2 has been measured in n-type
GaAs with n� 3� 1014 cm�3 via optically detected
electron-spin resonance [28]. This result is consistent
with our value given our sample’s lower donor density.
Additionally, we find that, if we increase the temperature of
our sample up to 6 K, although the overall PLE intensity
decreases dramatically, the width of the dip does not
change significantly. This indicates that T�2 in our system
is not temperature dependent and is consistent with the
nuclear-electron hyperfine decoherence model.

Although the inhomogeneous T�2 limits the depth of the
population-trapped dip, in an EIT-type experiment with
pulsed lasers and electron-spin-echo techniques, the stor-
age time should be limited by the homogeneous decoher-
ence time T2. T2 of electron spins in GaAs has not been
measured but could be close to the population-relaxation
time, on the order of microseconds. It has also been pro-
posed that further improvements of storage time could be
made by transferring the electron-spin coherence to the
nuclear spins. If this is achieved, a storage time on the
order of seconds may be feasible [29].

In summary, we have observed coherent population
trapping of donor-bound electrons in GaAs. To our knowl-
edge, this is the first demonstration of a � system in a
semiconductor that utilizes the true electron ground states.
In addition, due to the substitutional nature of donor im-
purities and high crystal quality, this system has little
inhomogeneous broadening in the optical transitions.
Although current population trapping is limited by a short
T�2 , there exist several possible ways to engineer this sys-
tem for long T2 and storage times. Spin-echo techniques
and electron to nuclear information transfer should be able
to extend possible storage times by orders of magnitude in
GaAs. Additionally, the D0X system exists in every semi-
conductor. Thus, a crystal composed of nuclear spin-0
elements would significantly extend the storage lifetime.
We also note that larger band gap semiconductors have
larger effective masses, larger D0 binding energies, and,
thus, larger D0X binding energies [30], which allow higher
temperature operation.
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