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The coupling between quantum-confined electron spins in semiconductor heterostructures and nuclear spins
dominates the dephasing of spin qubits in III/V semiconductors. The interaction can be measured through the
electron-spin dynamics or through its effect on the nuclear spin. Here, we discuss the resulting shift of the
NMR frequencysthe Knight shiftd and measure its size as a function of the charge-carrier density for photo-
excited charge carriers in a GaAs quantum well.
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I. INTRODUCTION

The spin of electrons in semiconductors represents a de-
gree of freedom that has recently been discovered as a pos-
sible handle for high-speed electronic devices1 and other
spintronic devices.2 In a similar context, the electron spin has
been proposed as a suitable degree of freedom for storing
and processing quantum information.3–5 In both cases, the
performance of these devices is strongly affected by the hy-
perfine interaction of the electrons with the nuclear spins,
which shifts the electron-spin energy levels, changes the Lar-
mor frequency, and is, under some experimentally relevant
conditions, the limiting factor for the dephasing of electronic
spins in III/V semiconductors.5–7 In cases where the nuclear
spin carries the quantum information, the interaction with an
electronic spin is often used as a control interaction.3 Such
schemes rely, therefore, on a precise knowledge of and pos-
sible means for control of the hyperfine coupling.

In this paper, we investigate the hyperfine coupling be-
tween conduction-band electrons and nuclear spins in GaAs
quantum wells. Since the GaAs conduction band consists of
s-type orbitals, the hyperfine coupling is dominated by the
Fermi-contact term, which is proportional to the electron-
spin density at the site of the nucleus.

Hyperfine interactions in III/V semiconductors are never
observed as resolved splittings. The individual couplings are
relatively small sDE/h,1 MHzd, and individual electrons
have comparable couplings with approximately 105−106

nuclear spins. The observable average effect of the nuclear
spins on the electronic spin is therefore that of an effective
magnetic field, which is called the nuclear field. It has been
observed, e.g., as a shift of the Hanle curve8 or as a change
of the electronic Larmor frequency.9

Similarly, the electron spins modify the dynamics of the
nuclear spins. Since the relaxation time of the electrons is
always fast on the time scale of the individual hyperfine in-
teraction, the nuclear spins do not respond to a single elec-
tronic spin, but to a time-averaged effective interaction. The
fluctuations of the hyperfine coupling drive the exchange of
polarization between the electronic and nuclear spin system.
This polarization transfer has been used to increase the po-
larization of the nuclear spins.10–14,18 In addition, the time-
averaged hyperfine interaction shifts the nuclear Larmor fre-
quency by an amount that is proportional to the electron

density, the hyperfine coupling strength, and the electron-
spin polarization. This shift of the nuclear resonance fre-
quency, which is known as the Knight shift, has been studied
extensively in metals, where it was first discovered.15 In
semiconductors, the shifts are much smaller, due to the low
electron density. First results were obtained in gray tinsa
-Snd,16 where the small band gap results in relatively large
shifts at room temperature and above. In this case, the mea-
sured Knight shifts could be used to obtain information about
the band structure. Similarly, Knight shifts can be used to
study metal-to-insulator transitionsssee, e.g., Ref. 17d.

In quantum wells, quantum dots, and other semiconductor
heterostructures, the electronic wave function is modified by
confinement. Using the proportionality of the Knight shift, it
has been proposed to use it to map the excited-state electron
wave function of a quantum well,18–20 possibly with atomic
resolution.21 However, the relatively small electron-spin den-
sity and the small number of nuclear spins in quantum-
confined heterostructures makes the measurement of Knight
shifts a serious problem.20

Some of the optically detected NMR techniques that have
been used to overcome the sensitivity issues of NMR in in-
dividual heterostructures such as quantum wells and quan-
tum dots cause severe broadending of the NMR
transitions,18,19 thereby obscuring the relatively small Knight
shifts. These problems can be avoided with a more recently
introduced experiment,22 which uses optical pumping to in-
crease the nuclear spin polarization as well as optical detec-
tion, but combines them with pulsed radiofrequencysrfd ex-
citation of the nuclear spins to avoid power broadening:
during detection, the nuclear spins precess freely, in the ab-
sence of an rf field. The Fourier transform of the optically
detected free induction decay, therefore, shows the natural
width of the NMR transitions and is ideally suited to mea-
sure small resonance shifts with high precision and accuracy.
At the same time it provides high sensitivity, yielding single-
shot spectra of individual quantum wells. Here, we use these
capabilities to measure the Knight shift from optically gen-
erated conduction-band electrons.

The paper is organized as follows. In Sec. II, we review
the fundamentals of the generation of spin-polarized photo-
excited electrons in the conduction band and calculate the
expected Knight shift. Sections III and IV describe the ex-
perimental setup und present the experimental results, and in
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Sec. V, we summarize and draw conclusions.

II. LIGHT-INDUCED KNIGHT SHIFT

We consider the following system: A single electron spin,
which is excited into the conduction band by the absorption
of circularly polarized light, couples to an external magnetic
field via the Zeeman interaction and to a large number of
nuclear spins via the hyperfine coupling. The relevant Hamil-
tonian is then

H = Hze+ Hhf + Hzn= B0mBg*Sz + o
i

aiSW · IWi + B0gIz
i ,

s1d

where we use the conventional choice of coordinate system

sz axis parallel to the external magnetic fieldB0d. SW is the

electron spin operator,IWi represent the nuclear spins,ai are
the hyperfine coupling constants for theith nuclear spin,B0
is the strength of the magnetic field,mB is Bohr’s magneton,
andg* is the effectiveg factor, modified by the confinement
potential of the quantum well.

The hyperfine coupling strength is proportional to the
electron density at the site of the nucleus. Pagetet al.18 cal-
culated the maximum value of the coupling constants for all

three isotopes in GaAs asa
75Assr =0d=−160 kHz, a

69Gasr
=0d=−133 kHz, and a

71Gasr =0d=−169 kHz, assuming a
Bohr radius of the exciton,a0

!, of 10 nm. For an exponen-
tially decaying envelope of the exciton wave function, the
coupling constant decreases exponentially with the distance

from the center of the exciton,aisrd~e−2r/a0
!
.

We consider only the case where the interaction of the
electron spin with the external magnetic field is significantly
stronger than the hyperfine coupling. Thex and y compo-
nents of the hyperfine coupling term are then nonsecular.
While they remain relevant for the exchange of polarization
between electron and nuclear spin, their effect on the static
Knight shift is negligible.

Since the lifetime of an exciton is short compared to the
time scale of the nuclear spin dynamics, the effective cou-
pling strength experienced by the nuclear spins has to be
evaluated as the time average over the generation, motion,
and decay of the excitons. The average number of excitons is
sat mostd Ne=Pabste/hn, wherePabs is the absorbed optical
power in the region of interest,te is the exciton lifetime, and
hn is the photon energy. For an absorbed power of 1 mW
and an exciton lifetime of about 300 ps, the average number
of excitons in the illuminated volume becomes, therefore,
Ne=1.23106. We calculate the average hyperfine coupling
acting on the nuclear spins, assuming that the excitons are
homogeneously distributed throughout the illuminated vol-
ume Vil from the ratio of the average exciton densityne
=Ne/Vil to the electron density at the center of a single ex-
citon,

ā = asr = 0dneVe, s2d

where Ve=4per=0
` r2e−2r/a0

‡
dr=psa0

!d3 is the volume of a
single exciton.

If the spins were static, this coupling could be observed as
a splitting in the NMR spectrum. However, since thesspind
lifetime of the electrons is much shorter than the inverse of
the coupling strengthsin frequency unitsd, one actually ob-
serves the time average of a spectrum that hops between the
two positions. The resulting shift is

kdnlt = ākSzlt, s3d

wherekSzlt is the time-averagedz component of the electron
spin.

III. EXPERIMENTAL DETAILS

To obtain the high sensitivity required to measure NMR
spectra from individual quantum films, we had to combine
optical pumping of the nuclear spin system with optical de-
tection of the precessing nuclear spins.22 Furthermore, we
had to be able to modify the laser irradiation during the
experiment. For that purpose, the laser beamsfrom a tita-
nium sapphire ring laserd was split into two parts, which
could both be controlled independently with an acousto-optic
modulator. The beams were recombined on a polarizing
beam splitter and then passed through al /4 retardation
plate. Depending on which AOM was switched on, the laser
light was thus polarizeds+ or s− behind thel /4 plate. The
light was then focused onto a 37mm 1/e diameter spot on
the sample.

Our sample is a multiple-quantum-well structure grown
by molecular-beam epitaxysMBEd containing 13 quantum
wells with thicknesses from 2.8 to 38 nm. The quantum
wells are separated by 39 nm AlxGa1−xAs barriers. The
sample was mounted on the cold finger of a helium flow
cryostat and the temperature was kept at 2.8 K. The laser
wavelength was tuned to 812.3 nm, to resonantly excite the
20 nm quantum well. A 1.367 T magnetic field was applied
at an angle of 70° from the direction of the laser beam.

The photoluminescence from the sample was collected
with a lens, analyzed with a circular polarizer, and measured
with an avalanche photodiodesAPDd with 10 MHz band-
width. Nuclear spin transients were excited by a radiofre-
quencysrfd pulse with a duration of 6ms and a frequency of
9.971 MHz, close to the resonance frequency for75As. As
described in an earlier paper,22 the resulting signal is closely
related to the free induction decaysFIDd, and the NMR spec-
trum can be recovered by Fourier transformation of the time-
domain signal.

Figure 1 shows a typical spectrum. The splitting is due to
quadrupole interaction of theI =3/2 nuclear spin, which
would be absent in an ideal GaAs crystal23 and indicates a
distortion of the quantum-well sample.24

Since the Knight shifts are relatively small, we measured
them in a two-dimensional NMR experiment, using different
electron-spin densities during the evolution and detection pe-
riods. During the evolution period, we varied the polarization
and intensity of the exciting light and compared the resulting
frequency with the precession frequency during the detection
period, where the laser irradiation was applied with constant
circular polarization and constant intensity.

Figure 2 shows the sequence of optical and radiofre-
quency fields applied to the sample during an experiment.

EICKHOFF, FUSTMANN, AND SUTER PHYSICAL REVIEW B71, 195332s2005d

195332-2



Each experiment starts with irradiation ofs+ light to create
nuclear spin polarization. The first radiofrequency pulse con-
verts the longitudinal to transverse magnetization, which pre-
cesses for a timet1. During this evolution time, we applied
optical irradiation with eithers+ or s− polarization and vari-
able intensity to modify the spin polarization of the conduc-
tion electrons. The phase that the nuclear spin coherence
acquires during this time is a measure of the precession fre-
quency, which includes the effect of the Knight shift. The
second and third radiofrequency pulses store the magnetiza-
tion along the magnetic field direction while the polarization
of the optical radiation is switched. The optical FIDsOFIDd
is recorded duringt2. The sequence is then repeated after a
delay of 30 s.

As usual in a 2D NMR experiment, the evolution time
was incremented systematically, from 10ms to 1280ms in
steps of 10ms. tm was kept constant at 50 ms. The resulting
data were stored in a two-dimensional data set and Fourier
transformed with respect to the two time variablest1 and t2
to generate a two- dimensional spectrum with frequency
variablesn1 andn2. Quadrature detection in then1 direction
was obtained by adding the signals of two spectra with iden-
tical timing but with a 90° phase shift for the last two pulses.

IV. KNIGHT SHIFT

Figure 3 shows an example of a resulting 2D spectrum.
The dashed line marks the diagonal of the spectrum, while

the solid line connects the main resonance lines in the spec-
trum. The vertical displacement between these lines repre-
sents the difference in the Zeeman frequencies of the nuclear
spins as the optical irradiation changes froms− to s+.

This shift should depend on the average electron-spin po-
larization. We varied the electron-spin density through the
intensity of the optical pump light and the spin polarization
by switching between left and right circular polarization.

Figure 4 shows three representative spectra that were ob-
tained fors− sbottomd, no scenterd, ands+ optical irradiation

FIG. 1. Typical single-shot NMR spectrum from a 20-nm-wide
QW after 160 sec optical pumping. Dots represent experimental
data and solid lines the theory. The upper trace shows the absorp-
tion signal, the lower the dispersion.

FIG. 2. Timing of the experiment. The upper line shows the
three radiofrequency pulses, which control the nuclear spin magne-
tization. The second trace shows the intensity of the circularly po-
larized light, upward fors+ and down fors−.

FIG. 3. 2D spectrum from a 20-nm-wide QW obtained with
excitation with 42 mWs+ light during detection and 21 mWs−

light during evolution. The horizontal axis corresponds to the pre-
cession frequency during detection, the vertical one to the evolution
frequency.

FIG. 4. Variation of the Knight shift with the optical irradiation.
Each spectrum represents a slice through the 2D spectrum parallel
to then1 axis. Optical irradiation during evolution:sad s− 20 mW,
sbd none, andscd s+ 39 mW.
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during t1. As indicated by the straight lines, the position of
all three resonance lines changes in the same way, in direct
proportion to the density of photoexcited electrons. This is
consistent with the behavior expected for a light-induced
Knight shift.

For a more systematic evaluation, we fitted the center
transition in each spectrum to a Gaussian resonance line and
measured the change in precession frequency during the evo-
lution time. For this analysis, we used only the central tran-
sition, which is not broadened by quadrupolar couplings and
therefore allows a more precise measurement of the center
frequency. Figure 5 summarizes the resulting line positions
for different polarizations and laser intensities. The variation
shows the expected linear dependence on the number of
spin-polarized electrons. From the slope of the linear fit, we
calculate a Knight shift of 36 Hz/mW of laser radiation.

To check the plausibility of these data, we use Eqs.s2d
and s3d, which predict a line shift of

kdnlt = asr = 0dneVekSzlt. s4d

We calculate the time-averaged electron-spin polarization
kSzlt=kS0lcosu=0.33cos 70° =0.1 from the measured po-

larization of the photoluminescencekS0l and the angleu
=70° between the laser beam and the magnetic field. Per
milliwatt of absorbedlight, we then expect a shift of about
3 kHz. Since about 50% of the incident light is reflected at
the windows of the cryostat and the surface of the sample,
this is consistent with the observed shift if 2.5% of the light
entering the quantum well is converted into conduction-band
electrons.

V. CONCLUSION

The hyperfine interaction between the spins of charge car-
riers in quantum-confined semiconductor heterostructures
and the nuclear spins in the material affects the dynamics of
the electronic and nuclear spins in different ways. Here, we
have concentrated on the time-averaged effect of the electron
spin on the nuclear spins. This effect can be described as a
shift of the resonance frequency, which is proportional to the
electron density and the polarization of the electron spins.

Since the small electron densities make it difficult to ob-
serve the Knight shift in semiconductors, we used an experi-
mental setup that was designed to optimize the sensitivity
while minimizing unwanted perturbations of resonance fre-
quency, thus providing optimal resolution.

Our samples were nominally undoped, and the experi-
ments were conducted at liquid-helium temperature. The re-
sulting Knight shift was therefore dominated by the photo-
excited electrons. A rough estimate of the expected shifts is
in good agreement with the experimental data.
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