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We report on the nondestructive measurement of nuclear magnetization in n-GaAs via cavity enhanced

Faraday rotation. In contrast with the existing optical methods, this detection scheme does not require the

presence of detrimental out-of-equilibrium electrons. Specific mechanisms of the Faraday rotation are

identified for (i) nuclear spins situated within the localized electron orbits, these spins are characterized by

fast dynamics, (ii) all other nuclear spins in the sample characterized by much slower dynamics. Our

results suggest that even in degenerate semiconductors nuclear spin relaxation is limited by the presence

of localized electron states and spin diffusion, rather than by Korringa mechanism.

DOI: 10.1103/PhysRevLett.111.087603 PACS numbers: 76.70.Hb, 71.70.Jp

Nuclear spin is currently considered as a promising sys-
tem for quantum information processing [1–3]. It was
shown that interaction between the light field and atomic
ensembles allows for such phenomena as field-atom entan-
glement and spin squeezing [4,5]. In semiconductors, the
challenge of the nuclear-spin memory has been seriously
considered [1]. Powerful electrical, magnetic, and optical
techniques were developed for nuclear spin detection
[6–10]. Among them, optical techniques provide the best
sensitivity, down to 104 nuclei in a single quantum dot [10]
and single nuclear spin of an impurity in diamond [2,11].
However, inmost of the existing optical detection protocols,
it is necessary to inject out-of-equilibrium carriers, in order
to probe any changes in the electron spin polarization or
splitting, induced by nuclear spin. Because injected electron
spins are not in thermal equilibrium, they strongly affect
nuclear spin dynamics, up to fueling spontaneous oscilla-
tions and giving rise to bistability [6,10,12]. Therefore,
existing methods of optical detection never leave the nu-
clear polarization under study unperturbed.

In this Letter we experimentally realize a nondestructive,
but sensitive and versatile, method of nuclear spin detection
in semiconductors. It is based on off-resonant Faraday
rotation (FR), a phenomenon in which the polarization of
a light field rotates depending on the spin polarization in an
optical medium. Nuclear spin detection by FR has been
demonstrated in atomic vapors [13], but in semiconductors
the detection of nuclear spin has only been achieved under
optical pumping. In this case, large FR is induced by opti-
cally polarized electrons due to Pauli blocking in the con-
duction band, as illustrated in Fig. 1(a). This property is
exploited in optical detection of nuclear magnetic reso-
nance (NMR) by Larmor magnetometry [7]. In the absence
of optical pumping, such experiments are not possible. In

this case, nuclear spin polarization can only be detected by
virtue of either the conduction level spin splitting or the
equilibrium electron spin polarization induced by the effec-
tive nuclear (Overhauser) fieldBN . To selectively probe this
weak nuclear FR we use a two-step protocol, proposed by
Artemova and Merkulov [14]. In the first step, nuclei are

FIG. 1 (color online). (a)–(c) Band diagrams with relative
absorption probabilities �þ, �� for the two opposite light
helicities: under �� optical pumping (a) and in the presence
of nuclear field only, for the transitions involving free (b) and
bound (c) electron states. For clarity, only transitions from the
heavy hole band are shown. (d) Sketch of the experimental setup.
(e) Calculated transmission of the microcavity sample above the
stop band (black), measured transmission of the probe beam
(red), and photoluminescence (PL, blue). (f) FR scans for two
samples, including preparation (t < 0) and measurement (t > 0)
stage. Total pumping time is 10 min.
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dynamically polarized by conventional optical pumping in
the presence of a longitudinal magnetic field. Then, optical
pumping is switched off. The electron spin system returns to
equilibrium within several hundreds of nanoseconds
[15,16]. In contrast, nuclear spin polarization ‘‘in the
dark’’ can last for minutes [10,17]. We show that it gener-
ates measurable FR via dispersive response of conduction
band states in the presence of effective nuclear field. To
increase the detection sensitivity, we designed the sample as
a planar microcavity with the Fabry-Perot resonance corre-
sponding to the probe energy.

This scheme is applied here to n-GaAs. Complex dy-
namics of nuclear spins is revealed in this well-studied
material. We show that nuclear FR is not only measurable,
but is also sensitive to both (i) nuclear spins characterized
by fast relaxation and situated within the localized electron
orbits and (ii) all other nuclear spins in the sample, char-
acterized by much slower relaxation. Depending on the
position, the dominant microscopic mechanisms of nuclear
FR are different, as sketched in Figs. 1(b) and 1(c). Electron
spin polarization induced by nuclear field dominates in case
(i); it favors absorption at the highest spin state due to Pauli
exclusion principle. In contrast, in case (ii) conduction
band splitting favors absorption at the lowest spin band,
where higher density of states is available. Thus, circular
dichroism (�þ � ��) has opposite sign in these two cases,
providing spatial selectivity of the FR and giving clues for
understanding complex nuclear spin relaxation in metallic
n-GaAs [8]. NMR related to the magnetization of different
nuclear species is also detected by FR.

The studied structures consist of a Si-doped GaAs 3�=2
cavity with electron concentrations ne ¼ 2� 1016 cm�3

(metallic) and ne ¼ 2� 1015 cm�3 (insulating). The front
(back) mirrors are distributed Bragg reflectors composed of
25 (30) pairs of AlAs=Al0:1Ga0:9As layers, grown on a
400 �m thick GaAs substrate. Because of multiple round
trips in the cavity, the FR is amplified by a factorN � 1000,
corresponding to the interaction length L ¼ 0:7 mm. The
sample was placed in a cryostat (T ¼ 2 or 4 K) surrounded
by resistive coils for Earth field compensation, and for
application of static and rf magnetic fields [Fig. 1(d)].
During the preparation stage (t < 0), a circularly polarized
pump beam at Epp ¼ 1:59 eV is focused onto a 500 �m

spot on the sample surface. It polarizes the electron gas in
the cavity [16]. In order to meet the conditions for dynamic
nuclear polarization, a longitudinal magnetic field (typi-
cally Bz ¼ 200 G) is applied [18]. To probe FR with the
optimum stability, a spectrally broad (20 meV) linearly
polarized pulse provided by a mode-locked Ti-sapphire
laser is used. It is centered at the cavity mode, which filters
the incident pulse at Epr ¼ 1:497 eV, corresponding to the

detuning � ¼ 18 meV, with respect to the photolumines-
cence maximum; see Fig. 1(e). Typical pump and probe
powers are 10 and 2 mW, respectively. The measurement
stage starts as soon as the pump is switched off and electron

spin polarization is returned to equilibrium (t � 250 ns)
[16]. Most of the data presented below correspond to the
metallic sample. Static FR caused by the external magnetic
field is systematically subtracted from raw data, except for
the experiments under alternating field.
Figure 1(f) shows typical FR scans. Under optical

pumping (t < 0) a strong FR signal is generated by opti-
cally polarized electron spin. Its sign is determined by the
pump helicity, and its microscopic origin resides in the
Pauli blocking, as shown in Fig. 1(a) [19]. Stronger FR in
the metallic sample is due to longer electron spin relaxa-
tion time. As soon as the pump beam is switched off, the
signal drops on the scale of electron spin relaxation time.
The remaining FR is much weaker, and is only due to spin
polarized nuclei. Surprisingly, while in the insulating sam-
ple a monotonic decay of the signal associated with nuclear
spin relaxation is observed, a nonmonotonic behavior is
clearly seen in the metallic sample. In fact, in the metallic
sample there are two contributions to the FR, with strongly
different decay times, comparable amplitudes, and oppo-
site signs. The characteristic decay times of the ‘‘fast’’ and
‘‘slow’’ components are of the order of several seconds and
several hundred seconds, respectively.
Figure 2(a) shows the effect of pumping duration

and helicity on the nuclear FR in the metallic sample.

FIG. 2 (color online). (a) Faraday rotation induced by nuclear
polarization prepared by �� pumping at Bz ¼ 200 G. Solid lines
are fits to the biexponential decay. Inset: Effect of pump helicity
on the nuclear FR. Decay times (b) and amplitudes (c) deduced
from biexponential fit of the data shown in (a). Solid lines are
calculated nuclear spin relaxation times. Tb, nuclei under the
bound electron orbit; TD, diffusion-limited relaxation; TK ,
Korringa relaxation. (d) Nuclear repolarization experiment.
Preparation during 6 min., �� pumping, Bz ¼ 100 G. At t¼0
the pump is switched off and alternating field is applied (� 7 G,
right-hand scale). Static FR in the external field Bz ¼ �7 G is
shown by dashed lines.
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The nonmonotonic behavior is systematic. The sign of both
components can be controlled either by the pump helicity
(Fig. 2, inset) or by reversing the magnetic field direction
after the preparation stage. This behavior is consistent with
the nuclear spin origin of the FR [20]. The correspond-
ing decay times and amplitudes are reported in Figs. 2(b)
and 2(c). The decay times for the two components do not
depend on the pumping time and always differ by a factor of
�50. Figure 2(c) shows that the buildup times are correlated
with the decay times.

In order to ascertain the relevant microscopic mecha-
nisms, it is important to measure the sensitivity of the
nuclear FR. It can be defined in terms of the nuclear
Verdet constant VN . In analogy with the traditional
Verdet constant (V < 0 under the same conditions), this
quantity is defined from �N ¼ VNLBN . The nuclear field
BN corresponding to given cooling conditions is deter-
mined from independent experiments for the metallic
sample [21]. We obtained VN ¼ 0:1 mrad=ðcmGÞ for the
slow FR component, while it was not possible to determine
the Verdet constant associated with the fast component. We
have also verified that no photoinduced effects show up
when pumping the substrate in the same conditions, which
definitively excludes any contribution from the substrate in
the observed phenomena.

The first key to understanding the complex pattern of
time-dependent nuclear spin induced FR is the time scales
of its slow and fast components. At few-K temperatures,
nuclear spin-lattice relaxation is entirely due to interaction
with electron spins [23]. The question is, can the slow and
fast relaxations be due to the presence of both mobile (free)
and bound electron states in the sample? In a degenerate
electron gas, single donors do not bind electrons because of
the screening. Therefore, the density of shallow bound
states is determined by the concentration of closely spaced
donor pairs Nb [24]. It can be estimated as Nb �
2� 1015 cm�3 [24,25]. Bound electrons provide an effi-
cient source of relaxation for the nuclei, situated under
their orbit, Tb ¼ 1=ð�2

N�cÞ � 10 s, consistent with the fast
component relaxation time [26]. Here, �N is nuclear spin
precession frequency in the instantaneous Knight field
Be � 100 G created by the localized electron [27], and
�c � 10�11 s is the correlation time of the localized elec-
tron spin, determined by exchange scattering with free
electrons [28,29]. Thus, the fast component can be asso-
ciated with the nuclei situated under the orbits of localized
electrons. Similar estimations for the insulating sample
yield Tb � 0:1 s, due to much longer correlation time
�c � 3� 10�10 s [15]. This is beyond the temporal reso-
lution of our experiment, so the fast component could not
be detected in the insulating sample.

The slow component of the FR can be related to the
nuclei remote from the localized centers. Indeed, under
optical pumping these remote nuclei can get polarized by
spin diffusion from localized centers [17], or by dynamic

nuclear polarization involving free electrons [30]. These
processes are much slower than dynamic nuclear polariza-
tion by localized electrons. Thus, the pumping time
required for the buildup of the slow component is much
longer, consistent with our observations. The spin relaxa-
tion of the remote nuclei in the metallic sample is expected
to be induced by flip flops with the electrons from the
thermally broaden Fermi edge. The corresponding time is
called Korringa relaxation time, TK [9,23]. At T ¼ 2 K it
can be estimated as TK � 104 s, which is much longer than
the slow component decay time. We suggest that nuclear
relaxation is dominated by the nuclear spin diffusion
towards the donor pairs. The time of this diffusion-limited
relaxation can be estimated as [31] T�1

D � 4�DNba,
where D � 10�13 cm2=s is the nuclear spin diffusion co-
efficient [17] and a is the localization radius of the electron
on the center. Assuming a ¼ 10 nm, we obtain TD �
103 s, close to the values measured for the slow component
relaxation. In the insulating sample, the donor concentra-
tion is of the same order as the concentration of donor pairs
Nb in the metallic sample. Thus we expect here the
diffusion-limited spin relaxation on the same time scale,
consistent with the experimental observations [Fig. 1(f)].
Thus, nuclear spin relaxation in both samples is determined
by spin diffusion towards the regions in the sample, where
efficient relaxation involving localized electrons takes
place [32].
The most intriguing experimental fact is the sign differ-

ence between the two components of nuclear FR. It can be
understood in terms of the underlying microscopic mecha-
nisms, as illustrated in Figs. 1(b) and 1(c). The nuclear field
splits both conduction-band states and bound electron
states, and polarizes the electrons. In our experiments the
detuning is large enough � � EF, � � Eb, where Eb is
the localized electron binding energy and EF is Fermi
energy. Under these conditions, the contribution of the
free states in the circular dichroism and birefringence is
mainly due to the spin splitting: the absorption at lower
spin state is favored, since larger density of states is
available. In contrast, the contribution of the bound states
is dominated by the Pauli blocking, so that a higher energy
spin state provides stronger absorption. This brings forth
the sign difference for the circular dichroism (�� � �þ) in
these two situations; see Figs. 1(b) and 1(c).
Quantitatively, the contributions to the FR from free and

bound electron states can be given in terms of the corre-
sponding Verdet constants [14,19,33]:

Vf
N ¼ � e2@

12mcn

ge�B
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Here, c is the speed of light, m is the electron
effective mass, �hh (�lh) are the reduced masses of the
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electron-heavy (-light) hole pair, n is the background re-
fractive index, �r is the radiative lifetime associated with
the dipole transition at the energy E0, ge is the electron g
factor, and �B is Bohr magneton. Taking �r ¼ 250 ps

and standard GaAs parameters, we obtain Vf
N ¼

0:2 mrad=ðcmGÞ and Vb
N ¼ �0:05 mrad=ðcmGÞ, so that

the sign of both contributions is correctly reproduced. The

value of Vf
N is close to the experimentally determined value

VN ¼ 0:1 mrad=ðcmGÞ for the slow component of the FR
in the metallic sample. Remarkably, in the insulating sam-
ple, where the spin-split band states are not populated, FR
is dominated by this spin splitting. This suggests that the
presence of electrons in the conduction band is not a
prerequisite for nondestructive detection of the nuclear
spin, and it can be exploited in very low-doped samples.

Furthermore, we demonstrate nuclear repolarization in
the alternating magnetic field, and NMR detected by FR.
Figure 2(d) illustrates nuclear repolarization in the con-
figuration where BN is prepared antiparallel to the applied
field. After switching the pump off, the longitudinal field is
periodically switched between B ¼ �7 G. At such small
values of the field, the fast component of the FR is negli-
gibly small and decays on the scale of 1 s. The decaying
part of the modulated signal originates from nuclear mag-
netization, while the constant part corresponds to the FR in
the external field (dashed lines). One can see that nuclear
field-induced and external field-induced FR keep the same
sign when the external field is reversed. Therefore, the
nuclear field always rebuilds in the direction opposite to
the external field [34]. This clearly illustrates the nuclear
spin temperature concept in n-GaAs. The potential of our
experimental protocol to explore nuclear spin dynamics is
also fully revealed in this experiment. Indeed, the nuclear
field created by nuclear spins cooled down to the tempera-
ture TN is given by BN / IðIþ 1ÞB=3ðkBTNÞ, where kB is
Boltzmann constant and I ¼ 3=2 is nuclear spin [6]. Thus,
the nuclei prepared by any technique at a given spin
temperature (here TN � 10�4 K) can be studied by FR at
any external field.

NMR experiments are intrinsically rich with respect to
other nuclear spin detection methods, because they provide
isotope selective information. Here we realize NMR de-
tection by FR. Spatial selectivity of the FR allows for
separately probing (i) nuclei situated close to the donor
pairs (via a fast component) and (ii) remote nuclei (via a
slow component). The fast FR component decays in
�10 s, and coexists with the slow long component. We
propose an original experimental protocol to extract the
NMR signal associated only with the rapidly decaying
nuclear spins in the vicinity of the donor pairs. Spectrally
selective depolarization is achieved by applying a
modulated rf field Brf ¼ 2:5 G during optical pumping
[Fig. 3(a)]. The amplitude of the fast FR component is
then measured for different rf frequency bands. The recon-
structed NMR spectrum with the resolution �� ¼ 30 kHz

is presented in Fig. 3(b). One can see broad dips in the
signal, which correspond to the known resonant frequen-
cies of all GaAs isotopes, and one combined resonance
[6,18,35,36].
NMR associated with the nuclei remote from the bound

electrons is detected by sweeping the rf-field frequency
1 min after switching the pump off; see Fig. 3(c). From the
correspondence between the FR and the rf-field frequency
shown in Fig. 3(d), one can identify the NMR resonances.
A steplike decrease of the signal shows up each time the
frequency passes through one of the NMR resonances, due
to the depolarization of the corresponding nuclear isotope.
The resonances of both Ga isotopes are clearly seen, while
the 75As resonance is less pronounced [18]. The apparent
shift between 71Ga resonances detected by fast and slow
components is due to the limited spectral resolution, rather
than to the Knight shift, which does not exceed 1 G in these
experiments. The relative NMR intensity for different iso-
topes as a function of magnetic field, power, and position in
the sample deserves separate study and will be reported
elsewhere.
In conclusion, we have demonstrated a nondestructive

optical measurement of nuclear magnetization in semicon-
ductor structures. Our approach is based on the cavity
enhanced Faraday rotation and, in contrast with other opti-
cal methods, does not require the presence of out-of-
equilibrium carriers. Applying this method to n-GaAs
layers with different doping levels, we revealed a complex
pattern of nuclear spin relaxation. The nuclei situated
under the orbits of localized electrons exhibit fast
relaxation due to interaction with bound electrons.

FIG. 3 (color online). NMR detected by ‘‘fast’’ (a),(b) and
‘‘slow’’ (c),(d) components of the FR at Bz ¼ 200 G. (a) FR
measured after 2 min �� pumping in the presence of Brf . Right-
hand scale: Values of rf applied during pumping. (b) NMR
spectrum reconstructed from a set of FR amplitudes measured
as a function of the rf, applied during pumping. (c) FR measured
after 5 min �� pumping. At t ¼ 60 s, Brf is switched on. Right-
hand scale: Corresponding frequency profile. (d) The signal
shown in (c) presented as a function of the rf, applied during
measurement.
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This mechanism is most efficient at low concentration of
donors. Relaxation of all other nuclei is much slower. It
is dominated by the spin diffusion towards the donor-bound
electrons, which provide an efficient relaxation. NMR
without illumination during the measurement and at an
arbitrarymagnetic field is demonstrated.Quantitative deter-
mination of the FR sensitivity shows that this approach
could be used for studying nuclear spin dynamics of an
ensemble of � 105 nuclei close to an isolated impurity.
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