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Chapter 6

Optically induced dynamic nuclear spin polarization

in n-GaAs mediated by shallow donor electrons

Abstract

We show results on accurate control of optically induced dy-

namic nuclear polarization in n-GaAs using a technique that

utilizes electromagnetically induced transparency as a probe

for the local effective magnetic (Overhauser) field at shallow

silicon donors in gallium arsenide. We find that the sign of

nuclear polarization can be controlled by optical pumping of

distinct energy levels, of free excitons and excitons bound to

silicon donors, such that Overhauser fields of up to 200 mT

either along or opposite to an external magnetic field can be

built up. Our results directly probe and confirm the promi-

nent role for shallow donors in various schemes for optically

induced dynamic nuclear polarization, and can be applied for

patterning micronscale magnetic structures in semiconduc-

tors with up and down polarities.

This chapter is based on reference 8 on page 151
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80 Chapter 6 - Nuclear spin polarization by shallow donor electrons

6.1 Introduction

Magnetic nanostructures are of importance for spintronics applications,

which require control of electron spins with magnetic and electric fields

on small length scales. In semiconductors such as gallium arsenide, the

disordered nuclear spins generally disturb electron spin coherence via the

hyperfine interaction. However, this hyperfine coupling can be utilized

to transfer electron spin polarization to the nuclei by a cross-relaxation

process known as dynamic nuclear polarization (DNP). This can be used to

create an effective magnetic (Overhauser) field in the material and various

techniques have been proposed to pattern these internal magnetic fields

on the micrometer scale [1, 2].

Several decades ago it was already realized that localized electrons

bound to donor atoms form paramagnetic impurities that are important

in the transfer process of DNP [3]. More recently, localized electron spins

have emerged as candidates for information storage in solid state systems

for spintronics and quantum information applications [4]. Therefore, a

good understanding of electron and nuclear spin dynamics at these impu-

rity sites is important. This can be achieved by monitoring the subpop-

ulation of nuclear spins which is in contact with donor-bound electrons.

Generally this is a very small percentage of the total number of nuclei

and therefore hard to study directly by nuclear magnetic resonance. Our

approach is an all-optical scheme, comprised of optically induced dynamic

nuclear polarization, and optical monitoring of this polarization via the

electromagnetically induced transparency (EIT) resonance. We show here

that this method gives an accurate measurement of the nuclear spin po-

larization around donors and thereby sheds light on the mechanisms that

govern spin coherence of the donor-bound electron. Our results directly

probe and confirm the prominent role for shallow donors in various schemes

for optically induced dynamic nuclear polarization.

Contrary to the conventional way of creating an out of equilibrium

spin polarization by exciting spin-polarized conduction electrons, we use

continuous-wave lasers to resonantly excite specific energy levels of the

bound exciton or free exciton and observe the nuclear polarization that

builds up in the cross-relaxation process. We find that we can controllably
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create nuclear polarizations corresponding to effective magnetic (Over-

hauser) fields of a few hundred millitesla either directed along or opposite

to the external field. The work gives insight in nuclear spin dynamics that

is relevant for accurate control of impurity spins. Furthermore, the demon-

stration of negative and positive Overhauser field creation at well defined

sites creates the interesting prospect of patterning small scale magnetic

structures in semiconductors by controlled doping and optical pumping.

6.2 X and D0X magnetospectroscopy

Measurements are performed on a film of gallium arsenide (GaAs) doped

with silicon (Si) donors at a concentration of 3× 1013 cm−3, which is well

below the metal-insulator transition around 3× 1016 cm−3. The wafer is

cleaved in 2-by-2 mm2 parts along the 〈110〉 crystallographic axes. The

epitaxially grown film is lifted off of its GaAs substrate by removing an

AlAs buffer layer with a hydrofluoric acid wet etch. After lift-off the film

is transferred to a sapphire substrate, which allows us to do transmission

measurements in an experimental setup that has been described in detail

elsewhere [5]. In summary, measurements are performed in a bath cryostat

where the sample is kept at a temperature of 4.2 K inside the coil of a

superconducting magnet that generates a magnetic field of 6.4 T at the

sample position. The sample is mounted such that the magnetic field

direction is along the 〈110〉 crystallographic axis. Under these conditions

the donor electrons stay bound to the Si atoms by the Coulomb force, in

a state that is below the conduction band edge by the binding energy of

6 meV. Because of the low doping density these electrons are well isolated

from each other and form an ensemble of localized electrons, which are

trapped by the spherically symmetric potential provided by the donor ion

core.

Spectroscopy results on the sample are displayed in Fig. 6.1. The

upper panel of Fig. 6.1a shows the single laser transmission spectrum

without application of an external magnetic field and the lower panel

shows this spectrum when a magnetic field of 6.4 T is applied. Besides

absorption lines, both these spectra show chirped periodic modulation

that is due to a Fabry-Perot effect inside the GaAs film, which acts as a
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Figure 6.1: (a) The transmission spectrum at T = 4.2 K of the 10 µm GaAs

film showing the free- (X1, X2, etc.) and bound-exciton (D0X) absorption lines

near the band edge. At finite magnetic field the levels spread out (lower panel),

rendering the donor-bound exciton levels practically invisible. The inset shows

the position of D0X levels obtained by pump-assisted spectroscopy (provid-

ing a differential transmission signal, DTS). Labels BG and CB indicate band

gap and conduction band regions. (b) One configuration used for differential

transmission spectroscopy (see also main text): The modulated probe is at res-

onance with |↓〉 → |A〉 transition, while another laser scans over the range with

transition to the D0X levels |A〉, |B〉, |C〉, etc.
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weak cavity. Polariton formation causes the chirping (change in period)

of the modulation around the free exciton resonance [6]. The laser beam

passes through the sample in Voigt geometry, where the light propagation

direction is perpendicular to the magnetic field. The light is guided to the

sample space by a polarization-maintaining optical fiber which supports

two orthogonal linear polarization directions. We distinguish horizontally

(H-)polarized light (blue line in Fig. 6.1a) and vertically (V-)polarized light

(red line in Fig. 6.1a), where vertical implies linear polarization parallel to

the applied magnetic field. H-polarized light induces σ-transitions which

change the electronic angular momentum by ~, V-polarized light induces

π-transitions which conserve electronic angular momentum [6].

Without magnetic field the donor-bound exciton resonance is visible

(labeled as D0X), with an additional binding energy of 0.6 meV with re-

spect to the prominent n = 1 free exciton resonance (labeled as X1). The

free exciton lines of higher principal quantum number n blend in with the

continuum of states (conduction band, CB) above the band edge. The fact

that the spectra for H- and V-polarized light fall on top of each other in

zero field indicates that the GaAs film on sapphire is negligibly strained.

In a magnetic field the D0X transitions cannot be resolved in the single

laser spectrum because of population depletion by optical pumping. To

overcome this effect we introduce a second laser that takes care of popu-

lation re-pumping according to the method described in Fig. 6.1b.

An extensive experimental analysis of the D0X levels in GaAs was also

presented by Karasyuk et al. [7], who used photoluminescence detection,

which is mostly in accordance with theory [8, 9]. Nevertheless the nature

and spectral position of the energy levels at magnetic fields of a few Tesla

poses a complex, unsolved, problem. Additionally, they depend on the ori-

entation of the samples crystallographic axes with respect to the magnetic

field direction and are sensitive to possible strain in the sample. There-

fore, to be able to resonantly address the different bound-exciton levels

at a particular magnetic field we perform two-laser differential transmis-

sion spectroscopy (DTS) as depicted in Fig. 6.1b. In our approach two

lasers co-propagate through a polarization-maintaining fiber to the sam-

ple, where they overlap on a spot with a diameter of 10 µm. One of the
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laser beams is modulated by a mechanical chopper at a frequency of 6 kHz.

The transmitted light of both lasers falls on a Si p-i-n photodiode behind

the sample. The modulated part of the photodiode signal is measured by

lock-in detection. The modulated laser is held fixed at the position of a

known energy level (found by trial-and-error) and another laser is scanned

over the wavelength range where the transitions to D0X levels are. When-

ever the scanning laser is resonant with a transition from the other spin

state, an increase in absorption is recorded.

There are four variations of this scheme: either placing the fixed laser

at a transition for the |↑〉 or |↓〉 state, and scanning with each of the two

polarizations (H and V). The curve labeled ’DTS signal’ is obtained by

multiplying a spectrum obtained with the fixed laser on a transition from

|↑〉 and one with the fixed laser on a transition from |↓〉. This procedure

reveals correlations between the spectra, and improves the contrast of

absorption lines of transitions to D0X levels with respect to fluctuating

background signals (the method is presented in more detail in [10]). In

this way all optically allowed D0X transitions can be found systematically.

In the graph in Fig. 6.1b three energy levels show up prominently

which implies that they have significant optical dipole coupling to both

electron spin states, making them suitable for optical orientation of the

electron spin. We label them |A〉, |B〉 and |C〉 in order of increasing

energy. In the lower panel of Fig. 6.1a, the arrow and inset indicate the

position of the D0X lines in the broader transmission spectrum. The

n = 1 free exciton appears as one prominent dip, like it did in zero field,

even though its eight distinct states [11] have been split by the magnetic

field (which can be seen from the broadening of the dip with respect to

the zero field spectra). These cannot be resolved due to a combination

of small splitting and large oscillator strength. The distinct features that

show up around 1.522 eV we can attribute, after following their emergence

by taking spectra at slowly increasing magnetic field values, to the n = 2

free exciton. They are better resolved than the X1 states because the

larger size of the X2 wave function results in a larger diamagnetic shift of

the levels.
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6.3 Measurement of DNP near donors

The nuclear spin bath can be brought out of its equilibrium state by optical

pumping of the electron spin [12]. Most commonly this has been achieved

by illumination with circularly polarized light in a configuration where the

light propagation direction is parallel to the external magnetic field. At a

photon energy larger than the band gap (but less than the band gap plus

the spin-orbit energy), σ+-polarized light polarizes electron spins along the

external field while σ− light polarizes electron spins against the external

magnetic field. Spin lattice relaxation of the out of equilibrium electron

spins then transfers the excess spin angular momentum to the nuclear spin

bath, where it can remain for a very long time (up to hours [3]) because of

the weak coupling of the nuclear spins to the environment. Early it became

known that paramagnetic centers act as catalysts in this process due to

their relatively strong hyperfine fields [3, 13], and thus will act as dominant

sources of dynamic nuclear polarization [14]. Even though several studies

focussed on the nuclear polarization dynamics around donors [14, 15, 16],

it is not easy to single out the role of these impurities sites, for two main

reasons: First, at a low D0 concentration, for example 1014 cm−3, the

spheres with radius a0 ≈ 10 nm around Si donor sites cover only 0.02 %

of the number of nuclear spins in the sample. Second, above band gap

illumination causes photoexcited electrons to move throughout the whole

crystal.

Here we use EIT [6] to measure the precise spin splitting of the bound

electrons, which in turn depends on the nuclear polarization. This tech-

nique adopts part from the double resonance technique [17] (ENDOR),

which measures precise nuclear spin splitting by observing the electronic

resonance frequency, and from optically-detected NMR techniques [18],

where the sensitivity of optical detection is exploited. For this method we

proceed in the same way as for the two-laser transmission spectroscopy,

but now we focus on a narrow resonance (EIT peak) inside the overall

absorbtion dip where transmission increases. This effect is due to destruc-

tive quantum interference of the transition probalilities for absorption of

a probe photon in the presence of a control laser [19]. The control laser

thus increases the material’s transmittance at the probe photon energy,
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Figure 6.2: (a) Experimental setup for the EIT measurement. Two lasers co-

propagate to the sample through a polarization-maintaining single-mode fiber.

The probe laser is modulated by a chopper at 6 kHz. The sample is inside a

He bath cryostat. A superconducting magnet creates a magnetic field of 6.4 T

(Voigt geometry) at the sample position. (b) Both lasers are tuned close to

resonance with the |A〉 level. Scanning the probe laser around this transition

results in a broad transmission dip with a narrow two-photon resonance (EIT

peak) at its center due to the presence of the control laser.

hence the name electromagnetically induced transparency (EIT) for this

phenomenon. Because EIT is a coherent two-photon process the mini-

mal width of the resonance is determined by the electron spin dephasing,

in contrast to the overall absorption dip whose width is determined by

excited state dephasing. The narrow linewidth of 250 MHz thus approxi-

mately corresponds to the 3 ns spin dephasing time estimated in Chapter 3.

The electron spin splitting (possibly altered by an Overhauser shift) equals
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Figure 6.3: Determination of the electron Landé g-factor by measuring the

electron spin splitting via the EIT resonance in a range of magnetic fields

(using EIT data that is not significantly affected by DNP effects). The red

line is a quadratic fit, γ1B + γ2B
2, to the data points resulting in γ1 =

(6346± 4) MHz T−1, γ2 = (−796± 5)× 10−1 MHz T−2.

the difference between the control laser photon energy and the probe pho-

ton energy at EIT resonance, a quantity which we determine with MHz

precision using a wavemeter (Cluster LM-007).

The accuracy of the method is underlined by Fig. 6.3 where it is used

to determine value of the Landé g-factor of the bound electrons in this

sample. A fit of the observed Zeeman splitting (EZ) in this figure to

the function γ1µBB + γ2B
2 determines γ1 = (6346± 4) MHz T−1 and

γ2 = (−796± 5)× 10−1 MHz T−2. The (field-dependent) effective g-factor

g = EZ/µBB = h/µB · (γ1 + γ2B) can thus be determined with an accu-

racy of about one part in thousand. This yields g = −(4534± 3)× 10−4

for zero field (minus sign taken from the literature). At a field of B =

6.4 T, the value g = −(4170± 6)× 10−4, and at 10 T the value g =

−(3965± 7)× 10−4.

To measure the effect of the optical pumping on the nuclear spins we

carry out the experimental sequence of events as depicted in Fig. 6.4a.

First we apply a pump laser at well-defined wavelength for thirty minutes.

Immediately after that we switch to the two-laser configuration and take

repeated EIT scans to detect any change that the optical pumping has in-

duced in the EIT resonance. A result of a typical measurement sequence

is shown in Fig. 6.4a. The pump laser was applied for 30 minutes to the

|↑〉 to |A〉 transition. The traces in the graph show EIT scans and the

color scale represents the time at which the scan is taken, where t = 0
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Figure 6.4: (a) Experimental setup and timing sequence for the DNP exper-

iment, see main text for details. Evolution of the EIT profile after pumping

shows relaxation of DNP that was built up during the pumping time. Time

between traces is 40 seconds. (b) Exponential fit to the measured electron spin

splitting, as deduced from the EIT traces in Panel a, as a function of time. The

maximum induced Overhauser field is given by the shift of the electron spin

splitting at time t = 0. The nuclear polarization decay time is defined as the

time when the Overhauser field has relaxed to 1/e times its maximum value.

is the moment when the pump laser was blocked. The evolution of EIT

traces over time depicts the relaxation of a nuclear polarization of 255 mT

towards the equilibrium configuration. Figure 6.4b depicts the evolution

of the maxima of the EIT resonances from the traces in Fig. 6.4a by the

points in blue. The red solid line is an exponential fit to the data from

which we extract the maximum induced Overhauser field and the decay
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time, which are respectively 255 mT and 15.5 minutes for this particular

measurement. The positive sign of the Overhauser field, i.e. increased

electron spin splitting, is consistent with the explanation where the elec-

tron spin is oriented towards the |↓〉 state during the pumping phase.

Another important feature that deserves attention is that a broadening

of the resonance comes together with the shift. This is reflected in the

large error bars on the measurement points for the out-of-equilibrium nu-

clear polarization in Fig. 6.4b. This points to increased inhomogeneity of

the nuclear spin polarization over the D0 ensemble. We attribute this to

the inhomogeneous intensity of the pump laser beam, due to the Gaussian

spot and the formation of a standing wave pattern inside the sample which

acts as a planar cavity

6.4 Spectral dependence of DNP

Using continuous wave lasers we can accurately select the excitation wave-

length for the optical pumping. We use this to investigate the build up

and relaxation of DNP induced by pumping at the bound- and free exciton

resonances near the band edge. Figure 6.5 shows the result for the tran-

sitions to the bound-exciton levels. The upper panel shows the complete

result of the differential transmission spectroscopy on D0X, using all four

combinations possible with the available light polarizations. These spectra

are labeled in the legend according to H/V×H/V which has the meaning

that a particular curve, say H×V, is the result of the multiplication of the

spectrum obtained from scanning with H-polarization while locking a laser

to a transition from |↓〉 and the spectrum obtained from scanning with

V-polarization while locking a laser to a transition from |↑〉. We thus find

3 levels that couple to both ground states, labeled A, B, C as in Fig. 6.1.

From comparing the different types of spectra the polarization selectivity

is derived. The pump photon energy on the horizontal axis is the energy

difference between the |↑〉 ground state and the optically excited states.

These levels can all mediate optical electron spin orientation.

In the lower panel of Fig. 6.5 we examine how these levels mediate the

DNP process when a pumping laser is resonant with the particular level

from the |↑〉 state and the induced DNP is subsequently measured as in
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Figure 6.5: Maximum induced Overhauser field as a function of pump photon

energy shows the correlation between level positions as found in spectroscopy

and DNP pumping. Top panel: spectral position of the D0X energy levels, as

measured from the |↑〉 ground state found with the method described in Chap-

ter 7. Line coloring distinguishes the polarization dependence of the transitions

(also described in Chapter 7). Bottom panel: resulting maximum Overhauser

field after pumping for 30 minutes with either V (red triangles) or H (blue

circles) polarization.

Fig. 6.4. The photon energy of the pump laser is on the horizontal axis

and the maximum Overhauser shift is along the vertical axis. The method

used for these measurements is derived from the findings described in

Chapter 3. There we found that it is in fact possible to create an opposite

Overhauser field using excitation light resonant with transitions from the

|↓〉 state. However because of the asymmetry described in that chapter,

higher laser powers are required to accomplish this.

To demonstrate correlation between DNP and resonance excitation

we focus on transitions from the |↑〉 state by tuning the pump-laser power

low enough (3 W cm−2) so that unintentional excitation of transitions from

the |↓〉 state does not yield a significant Overhauser shift (on the scale of

Fig. 6.4b). This is the reason that only data points of positive Overhauser

shift are present in this figure. To confirm that it is the resonant excitation
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that leads to DNP we include data points from off-resonance pumping as

reference. This indeed does not yield any measurable Overhauser shift

(see for example the result for pumping at 1.5164 eV). The data shows a

correlation between the level positions and the induced Overhauser shift.

Moreover, while the polarization selection rules are not very strict, the

Overhauser shift dependence on pump laser polarization still correlates

with the polarization selectivity derived from the spectroscopy (Fig. 6.5).

In Fig. 6.6 we extend the study of the spectral dependence of DNP

to a larger range covering the complete band edge. Panels a and b show

the spectrum (same as in Fig. 6.2) and the induced Overhauser shift af-

ter pumping 10 minutes with particular photon energy, analogously to

Fig. 6.5. The data points around 1.5167 eV are the same as in Fig. 6.5.

We examine the Overhauser shift induced by optical pumping of several

free exciton lines in the spectrum. Again data points that show zero Over-

hauser shift are included for reference. In particular, we note that the exci-

tation of free carriers (with above bandgap illumination at 1.53 eV) using

linear polarization in Voight geometry does not induce any Overhauser

shift. Our method thus isolates the DNP effects of below band-edge, res-

onant excitation. Panel b shows that Overhauser shifts up to 300 mT are

induced by excitation of free excitons. The two well-defined resonances

of X2 (the precise quantum states of which we do not know) at 1.523 eV

show DNP in opposite directions. Also for X1, whose levels are not re-

solved in our spectroscopy, we find that the direction of the Overhauser

field is different for different pump photon energies. We thus find that

Overhauser fields of up to 300 mT can be induced in either direction by

the relaxation process of free and bound excitons. This could be used to

locally create internal magnetic fields in a semiconductor such as GaAs,

simply by illuminating with narrow-band light.

To further investigate the nature of DNP build-up by exciton relax-

ation the decay times for the Overhauser field, corresponding to exponen-

tial decay as outlined in Fig. 6.4, are shown in Panel c. The EIT-based

method used to investigate DNP is only sensitive to local nuclear polar-

ization around the donors. Hence it is the effect of nuclear spin diffusion

carrying non-zero nuclear spin polarization away from the donors that we
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Figure 6.6: (a) Single-laser-scan transmission spectrum at 6.4 T where the

labeling indicates position of transition to the bound-exciton states (D0X) and

free-exciton states (Xn) with principle quantum number n. (b) Maximum in-

duced Overhauser field as a function of pump photon energy. These results

shows that free exciton pumping generally also results in an induced nuclear

polarization around the D0 systems. This free exciton DNP pumping shows

a very sensitive dependence on the pump-photon energy, where small spectral

shifts within the free exciton spectral lines (which contains fine-structure fea-

tures [11]) lead to strong variation of the sign and magnitude of the induced

Overhauser field. (c) Decay times corresponding to all nonzero data points

from Panel b. The average decay time measured after free-exciton pumping is

19± 7 minutes, the average decay time measured after bound-exciton pumping

is 18± 8 minutes.
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measure as an effective decay mechanism [14]. We observe no distinction in

the decay time between DNP decay after free- and bound-exciton optical

pumping within the error margin: Averaging the respective data points

we obtain decay times of τX = (19± 7) min and τD0X = (18± 8) min.

These decay times are consistent with the hypothesis that in both cases

the observed decay takes place by spin diffusion away from the donor sites,

indicating that in both situations DNP is built up locally, at the donor

site. We attribute the large error bar on the final averaged value to the fact

that there are memory effects in the sample that can influence subsequent

measurements: Nuclear spin polarization that has diffused from the donor

site can remain in the sample for hours. The presence of this bulk nuclear

polarization can influence spin diffusion (and hence perceived decay time)

in subsequent measurements, yielding a spread in results measured on the

same day. To remedy this one could bring the external magnetic field

down to zero between measurements, which allows the nuclei to depolar-

ize quickly. Our results are consistent with DNP being mediated by the

strong hyperfine interaction of the donor-bound electrons, which during

optical pumping become polarized by either of to ways: By optical exci-

tation in the Λ-system formed of localized states (Fig. 6.1), or via capture

of an exciton by a defect [20, 21] and subsequent decay to either of the

bound-electron spin ground states.

6.5 Conclusions

We have demonstrated the use of electromagnetically induced transparency

to monitor the dynamics of nuclear spin polarization around GaAs D0

systems. We find that a nuclear spin polarization of up to 300 mT (corre-

sponding to 5 % of nuclear spin polarization) can be built up at the GaAs

donor sites by illumination with linearly polarized light. Combined with

a detailed spectroscopic study of the GaAs band edge, we mapped out

the dependence of DNP on specific excitation of bound- and free-exciton

states, and polarization of the light. We observed that resonant addressing

of specific free- and bound-excitons states leads to a nuclear polarization

that is controllably either positive or negative. This is in accordance with

a hyperfine mediated interaction between electron spin polarization and
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the nuclear spin bath. Controlling the local magnetic field in semiconduc-

tors can prove valuable for the development spintronic and optoelectronic

device structures.
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