
PHYSICAL REVIEW B, VOLUME 65, 125301
Coupling mechanisms for optically induced NMR in GaAs quantum wells

Marcus Eickhoff, Björn Lenzman, Gregory Flinn,* and Dieter Suter
Universität Dortmund, Fachbereich Physik, 44221 Dortmund, Germany
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Optical pumping can increase the polarization of nuclear spins in semiconductors such as GaAs by many
orders of magnitude, improving the sensitivity in conventionally detected nuclear magnetic resonance~NMR!
experiments. Optical detection of these NMR transitions provides an additional increase in sensitivity, and
furthermore, can distinguish signal contributions from different quantum wells in multiple quantum well
samples. In this article we study the coupling mechanisms for all-optical NMR experiments, where modulation
of the cw optical excitation at the nuclear Larmor frequency induces transitions between the nuclear spin states.
We find clear evidence for two different types of interaction between the photogenerated carriers and the
nuclear spins: the hyperfine interaction and the coupling between the electric field of the electron and the
nuclear quadrupole moment. While the former induces onlyDmI561 transitions, the latter also causes~single
photon-! DmI562 transitions.

DOI: 10.1103/PhysRevB.65.125301 PACS number~s!: 78.66.Fd, 76.70.Hb
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I. INTRODUCTION

Nuclear magnetic resonance~NMR! investigations of
nanometer-sized semiconductor structures, such as qua
films and quantum dots are not possible by standard ra
frequency~rf! detection techniques. However, it has be
shown by various groups that optical pumping can incre
the polarization of the nuclear spins by many orders of m
nitude. As a result, rf detection of optically pumped Ga
quantum wells has been successfully reported in a slig
modified NMR probe.1 It is also possible to detect the NMR
transitions optically, through changes in the polarization
the photoluminescence.2 While these experiments still uti
lized rf excitation of NMR transitions, it is also possible
replace the external rf field by a modulation of the optic
field at the nuclear Larmor frequency. As a result, the NM
spectrum can be measured by purely optical means, elim
ing the need for a rf coil.3–7

That it is possible to directly generate precessing mag
tization by modulated optical excitation was demonstra
previously in atomic vapours,8 using either mode-locked
pulse lasers,9,10 or cw lasers with external modulation.11 In
these experiments, the optical pumping directly creates tr
verse magnetization, which can accumulate over several
mor periods if the modulation frequency matches the prec
sion frequency.

When modulated laser beams are used to drive NMR t
sitions in semiconductors, the main effect is not a direct g
eration of precessing magnetization, but rather a reductio
the nuclear spin polarization when the resonance conditio
fulfilled. In addition to the usual resonance conditionvmod
5gnB0, it was also observed that optical excitation can
duce transitions when the modulation frequencyvmod be-
comes twice the Larmor frequencyvmod52gnB0. Kempf
et al.12 suggested that this effect could indicate that excito
can couple to nuclei through the electric quadrupole inter
tion.

An optimal excitation of NMR transitions by modulate
optical pumping requires a strong hyperfine interaction w
the photoexcited carriers. In typical bulk materials, this
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achieved by trapping of the electrons in shallow donor site2

In molecular beam epitaxy~MBE!-grown heterostructures
the donor density is too small to provide a sufficient numb
of trapping sites; instead, trapping typically occurs at int
face defects.

II. SAMPLE DETAILS AND SETUP

Experiments were performed on a GaAs multiple qua
tum well sample. The quantum wells were grown by MB
on a ~001! GaAs substrate. The well widths varied betwe
2.8 and 39.3 nm, and they were separated by 30.9
Al0.3Ga0.7As barriers.

The sample was cooled to liquid helium temperatures i
He-flow cryostat. Excitation and detection were nearly re
nant with then51 heavy hole transition of the 19.7 nm
quantum well, whose photoemission peaks at 812.09
~width 0.44 nm; see Fig. 1!. Excitation was on the high-
energy side of the photoemission line and detection was
the low-energy side. The separation between excitation
detection~0.4 nm! was large enough to provide sufficien
suppression of any scattered laser light.

A 100 mW laser diode was used for optical pumping
well as for the excitation of NMR transitions. The laser bea
was either intensity or polarization modulated with

FIG. 1. Relevant section of the photoluminescence spectr
The arrows mark the positions of excitation and detection. W
widths are indicated above the peaks. ‘‘LH’’5 light hole.
©2002 The American Physical Society01-1
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electro-optical modulator~EOM! and a polarizer. A quarter
wave plate created circularly polarized light, and the be
was focused to a spot size of approximately 100mm in di-
ameter.

We used an oblique Hanle setup for optical detection
the NMR transitions, with an angle of 73° between t
surface-normal of the sample and the external magn
field.13,14 The laser was incident along the surface norm
The photoluminescence was focused onto the entrance s
a 1 m Czerny-turner monochromator~spectral resolution
0.04 nm! to suppress scattered laser light and to select
photoluminescence from the 19.7 nm quantum well. T
light was detected by an avalanche photodiode with a ba
width of 100 kHz.

Polarization measurements of the photoluminesce
were performed with a 50 kHz photoelastic modula
~PEM! and a polarizer. A lock-in detector referenced to t
PEM extracted the difference between circular polarizat
intensities. The degree of polarization was obtained by n
malizing the lock-in signal to the average intensity. T
modulation frequency of the laser beam was of the order
few MHz, much higher than the frequency of the PEM, a
too high to be detected by the photodetector.

III. ALL-OPTICAL SPECTRA

A. Overview

In the oblique Hanle geometry, the hyperfine interact
between the polarized nuclear and electron spin syst
when treated as an averaged system, can be regarded
additional, effective magnetic field acting on the electr
spins. The strength of this nuclear field can be determined
a Hanle measurement. Figure 2 shows the polarization of
photoluminescence, measured with circularly polarized e
tation as a function of the magnetic field strength~a dis-
placed Hanle curve!. The peak of the polarization curve in
dicates that at this value, the external field is equal
strength and opposite in orientation to the effective nucl
field. Correspondingly, the total magnetic field acting on
electron spins vanishes and the polarization of the lumin
cence reaches a maximum.

The curve presented in Fig. 2 was measured after pu
ing the sample for 5 min in an external field of 1.5 T a
subsequently scanning the field from 1.5 to 0 T within

FIG. 2. Luminescence polarization as a function of the magn
field ~Hanle curve! measured after optical pumping in a field
B051.5 T.
12530
f

ic
l.
of

e
e
d-

e
r

n
r-

a

n
m,

an

y
he
i-

n
r

e
s-

p-

sec. The width of the curve~HWHH! is of the order of 0.4 T,
significantly larger than that of the unshifted Hanle cur
~not shown!, where the width wasDB50.13 T. The zero-
field polarization of the unshifted Hanle curve wasP0
50.29, corresponding to an exciton recombination timet rec
of 0.76 ns, and a spin lifetimetS of 0.31 ns. For the dis-
placed Hanle curve, the peak polarization decreased to
and the line shape changed from Lorentzian to roug
Gaussian. This broadening is largely due to the nonequ
rium situation, averaged over the beam profile of the pu
laser beam.

Initial all-optical NMR experiments were performed b
scanning the magnetic field while modulating the laser int
sity at a constant frequency ofnmod55 MHz. Figure 3
shows an example of such a scan covering the range from
to 0.9 T. At four distinct field values, the luminescence p
larization shows sudden drops. As explained in Fig. 3,
shape of this spectrum can be understood as arising f
sudden shifts of the Hanle curve when the resonance co
tion is matched for one of the nuclear spin species.

Three of these features correspond to the field positi
expected for the resonances of the three nuclear spin sp
contained in GaAs (75As, 69Ga, 71Ga). The drop at 0.344 T
occurs at half the field value of the75As transition. It can be
identified with aDmI562 transition of the75As nucleus
(mI523/2↔11/2; mI521/2↔13/2), as discussed in de
tail below.

B. High resolution spectra

The individual transitions can be measured at higher re
lution by keeping the field fixed and scanning the frequen
over the resonance lines. Figure 4 indicates how the N
transitions are observed under these conditions: initially,
nuclear field is stronger than the external field. As the sc
ning modulation frequency reaches the resonance condi
the nuclear spins are saturated and the nuclear field is dim

ic
FIG. 3. All-optical NMR-spectrum at a fixed modulation fre

quency of 5 MHz using intensity modulation of the laser and sc
ning the external field from 0.1 to 0.9 T. Three of the four tran
tions can be associated withDmI561 transitions of the three
relevant nuclei; the fourth represents an75As DmI562 transition.
The inset indicates how the sudden change in the luminesc
polarization at the NMR resonance frequency can be understoo
a shift of the underlying Hanle curve: when the resonance condi
is fulfilled, the nuclear spins are saturated and the correspon
nuclear field vanishes.
1-2
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COUPLING MECHANISMS FOR OPTICALLY INDUCED . . . PHYSICAL REVIEW B65 125301
ished. The Hanle curve correspondingly shifts to lower fi
values. As its maximum passes through the current field
ting, the luminescence polarization reaches a maximum
subsequently decreases.

Figure 5 summarizes the resulting spectra for the th
isotopes. Parts~a!–~c! represent theDmI561 transitions,
while parts~d!–~f! represent theDmI562 transitions. The
resonance frequency for all transition can be written as

vmod5gnB0uDmI u. ~1!

Each spectrum shows the experimental data~dots!, a fitted
spectrum ~line!, and the corresponding NMR absorptio
spectrum~inset!, which was calculated from the fitting pa
rameters by removing the convolution by the Hanle cur
We deconvoluted the signals with the unshifted, as well
with the shifted Hanle curve. The parameters of interest h
were not influenced by the type of deconvolution, result
in identical NMR spectra for both types of data analysis. F
the spectra displayed in this paper, we consistently used
parameters of the unshifted Hanle curve. For the shape o
NMR lines, we found better agreement with a Gaussian
shape than with a Lorentzian.

The 75As, DmI561 spectrum@see Fig. 5~a!# contains
three well-resolved resonances. They can be identified w
the three magnetic dipole transitions of a spin 3/2 with
small quadrupolar splitting. While one expects three deg
erate NMR transitions in bulk GaAs, which has cubic sy
metry with a Td $4̄3m% crystallographic point group, it is
well known that mechanical stress lifts this degenerac15

Under the same conditions, theDmI562 spectrum@see Fig.
5~d!# contains only two resonances, which can be identifi
with the two possibleDmI562 transitions in a spin-3/2
system. The separation between these two lines (Dn
529.6 kHz) agrees with the separation between the o

FIG. 4. Shift of the Hanle curve during a scan through re
nance at fixed external magnetic field. At the beginning of the s
the Hanle curve~position 1! is shifted by the effective nuclear fiel
BN11BN2 from all isotopes. When the modulation frequen
reaches the resonance condition, saturation of one nuclear spin
cies reducesBN2 to zero, thereby shifting the Hanle curve to pos
tion 2. The observed polarization, which is shown in the ins
passes through a maximum whenBN11BN21Bext50, decreases to
the value determined by the second Hanle curve, and incre
again due to optical pumping when the modulation frequency is
from resonance.
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lines of the single quantum spectrum (Dn529.6 kHz).
These spectra clearly confirm the assignment of theDmI5
62 transition.

Such two-quantum (DmI52)-single photon transitions
which should be contrasted to then-quantum–n-photon tran-
sition usually observed in pulsed NMR spectroscopy,16,17

have been observed in conventional NMR in the context
overtone spectroscopy,18 by acoustic resonance,19,20 by elec-
tric resonance,21 and in low-field NMR.22–24 In the case of
low-field NMR, the transitions observed are so-called fl
flip transitions, where two~or more! spins flip simulta-
neously. Since these transitions are strongly suppresse
higher fields, the observed transitions are some four order
magnitude stronger than the calculated transition stren
for flip-flip transitions. Furthermore, flip-flip spectra shou
contain more than two resonance lines. We therefore te
tively assign them to single-spin, two-quantum, single ph
ton transitions, and give additional evidence for this assi
ment in the subsequent section.

The quadrupolar splitting of the69Ga and 71Ga reso-
nances is 3.4 and 2.1 kHz, respectively, 4 and 7 times sm
than the 75As splitting. Since the nuclear quadrupole m
ments for the two gallium isotopes are only two to thr
times smaller than that of arsenic, we conclude that the

-
n

pe-
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r

FIG. 5. High-resolution spectra of individual isotopes, measu
with intensity modulation at constant magnetic field.~a!–~c! DmI

561 transitions;~d!–~f! DmI562 transitions. Points: experimen
tal data; curve: theoretical fit; inset: NMR spectrum calculated fr
fit parameters.
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EICKHOFF, LENZMAN, FLINN, AND SUTER PHYSICAL REVIEW B65 125301
tortion causes different electric field gradients~EFG’s! at the
two nuclear sites.12,25

IV. COUPLING MECHANISMS

A. Magnetic dipole vs electric quadrupole interaction

While the field and frequency scans clearly establish
that the modulation of the laser beam can induce transit
between the nuclear spins, they do not indicate the me
nism of this process. Two types of interactions are known
be relevant for these spins: magnetic dipole and elec
quadrupole couplings.26 Although the Hanle effect is a clea
indication of the magnetic interaction between the nucl
spin system and the electron spins, and the magnitude o
~average! nuclear field acting on the electron spins is eas
extracted from the shift of the Hanle curve, there is no qu
titative information about the interaction strength acting
the nuclei.

Under our experimental conditions, it is sufficient to d
cuss the effect of the optical modulation on the nuclear s
system in terms of time dependent perturbation theory.
transition probability between two levelsua& and ub& is then

Wab5
2p

\2
u^buHintua&u2f ~v!, ~2!

whereHint represents the coupling Hamiltonian andf (v) the
spectral density function. The main difference between
magnetic dipole and electric quadrupole interaction is t
the magnetic interaction can only induce transitions w
DmI561, while the selection rule for electric quadrupo
interactions isDmI50,61,62.

To distinguish between the two mechanisms, we m
sured optically induced NMR spectra with two differe
modulation schemes. In one experiment, the intensity of
pump laser beam was modulated, thereby modulating
magnetic interaction as well as the electric field. In the s
ond experiment, the polarization was modulated, keeping
intensity constant. This modulation scheme keeps the ch
density constant but modulates the electron spin polariza
and therefore the magnetic interaction with the nuclear sp
If the electric quadrupole interaction is the relevant coupl
mechanism, we therefore expect to see transitions only
the intensity modulation, while a magnetic interaction sho
produce signals for both experiments.

Figure 6 compares spectra obtained with the two mod
tion schemes. The top trace was measured with constan
larization, modulating the intensity of the laser beam, wh
the lower trace was taken at constant intensity, modula
the polarization of the laser beam. The mean intensity,
mean polarization, the position on the sample, its orienta
and the scan duration were all constant for both meas
ments to make them comparable. Both spectra contain r
nances at the Larmor frequency; the resonance at 0.6
which can be associated with theDmI52 75As transition, is
only excited in the intensity modulation scheme. In the
measurements the field scan direction is opposite to the
direction used in Fig. 3. This enhances the sensitivity for
DmI562 transition at 0.62 T. The scan time is significan
12530
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longer in this measurement, giving the system sufficient ti
to return to equilibrium between two passages through re
nance. During the first three resonance transitions, the m
mum of the Hanle curve passes through the current fi
position, and again~in the opposite direction! during the sub-
sequent repumping period.

These spectra clearly show that both mechanisms are
tive. For DmI562 transitions, where the magnetic dipo
mechanism is absent, the electric quadrupole mechanism
mains. ForDmI561 transitions, both interactions contrib
ute. For these transitions, the electric quadrupole interac
can be neglected, as discussed by Kalevich.5 He compares
the NMR-signals by intensity and polarization modulati
for DmI561 excitation in Bulk GaAs, observing no differ
ence between both modulation schemes. A quantita
analysis for the two mechanisms in the subsequent sec
provides additional evidence.

B. Magnetic dipole interaction

In close analogy to the effective nuclear field acting
the electron spins, we can model the effect of the hyper
interaction on the nuclear spins as an alternating magn
field, for which only the component perpendicular to t
static magnetic field is relevant. In the rotating field appro
mation, the interaction Hamiltonian can then be written a

H̃rf5
1

2
gn\B1I 6 . ~3!

B1 is the amplitude of the effective rotating magnetic fie
coupling to the nuclear spinI 6 . Since the density of electron
spins is much smaller than that of the nuclear spins, this fi
is many orders of magnitude smaller than the nuclear fi
acting on the electrons.

To determine the coupling strength, we measured the t
dependence of the nuclear spin polarization after switch
on the modulation. For a spinI 53/2 with resolved quadru-
polar splitting, we expect the nuclear spin polarization
decay as

I z~ t !5I zAe22WAt1I zBe22WBt1I zCe22WCt, ~4!

FIG. 6. All-optical NMR spectrum at fixed frequency using~a!
intensity modulation and~b! polarization modulation of the lase
beam, both with a modulation depth of 0.5, where a full modulat
from s1 to s2 is set to a modulation depth of 1.
1-4
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where the transition probabilities are, according to Eqs.~2!
and ~3!

WA5
3

2
pgn

2B1
2f ~v2vQ!, ~5!

WB52pgn
2B1

2f ~v!, ~6!

WC5
3

2
pgn

2B1
2f ~v1vQ!. ~7!

The index (A, B, C) refers to the three transitions (1 3
2 ↔

1 1
2 , 1 1

2 ↔2 1
2 , 2 1

2 ↔2 3
2 ), f (v) represents the spectra

density function of the relevant transition, andvQ the quad-
rupole splitting.I zA , I zB , and I zC are the polarizations fo
each transition.

Figure 7 shows a typical example of the observed de
when the modulation was resonant with the75As transition,
together with a fit to the data that includes the dependenc
the optical polarization on the nuclear spin polarizatio
When the modulation amplitude was increased, the obse
decay rate of the arsenic polarization increased quadratic
with the modulation amplitude~see Fig. 8!. According to
Eqs. ~5!–~7! the transition probability is proportional to th
square ofB1. The observed decay is a superposition of
three transitions. Each rate is proportional tof (v) of the
corresponding transition. The measured transition proba
ties and the calculated rotating magnetic field amplitudes
summarized in Table I for an intensity modulation of 1
W cm22. This quadratic dependence implies a linear incre

FIG. 7. Time dependence of the photoluminescence polariza
during modulation at the75As DmI51 resonance frequency with a
amplitude of 200 W cm22.

FIG. 8. Dependence of75As DmI561 transition rate on inten-
sity modulation amplitude.
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of the effective magnetic field strength with the modulati
amplitude~see Fig. 9!. This agrees with the prediction of
simple model where the average strength of the hyper
coupling acting on the nuclear spin system is proportiona
the density of the photoexcited electrons.

For the two gallium isotopes, the effective magnetic fie
also increases linearly at small modulation amplitudes~see
Fig. 9!. At higher modulations, the dependence becom
weaker. Spin diffusion may be responsible for this nonline
behavior: Since the polarization process occurs on a t
scale of minutes, the nuclear spin polarization establishe
the vicinity of the trapped excitons is partly transferred
nuclei that do not directly interact with the excitons. In co
trast to a rf saturation, the optical saturation is effective o
for directly coupled spins; spin diffusion should therefo
transport nuclear spin polarization back to the excitons.
expect that a more detailed analysis, which is beyond
scope of this paper, would show contributions on the satu
tion rate as well as on the rate at which the nuclear s
polarization is reestablished after saturation. Figure 9 in
cates that the deviation is significantly stronger for t
two Ga isotopes than for75As. An interpretation of this
result might be attempted if the spin diffusion constants
the three isotopes were known. The higher gyromagn
ratios would favor the Ga isotopes, but the isotopic diluti
favors 75As.

C. Electric quadrupole interaction

The DmI562 transition couples only to the electri
quadrupole interaction. The coupling Hamiltonian for th
process can be written as

n

TABLE I. Experimental results atDmI561.

gn dB
b WB

a B1
a

@106 s21 T21# @kHz# @s21# @mT#

75As 45.7860.03 1.0 6.360.4 2.560.1
69Ga 64.2160.04 1.0 761 1.960.3
71Ga 81.5360.06 1.5 1361 2.560.1

aMean value at 100 W cm22.
bHalf width at half maximum of the transition.

FIG. 9. Effective rf field for 75As and Ga as a function of the
intensity modulation amplitude.
1-5
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HE5
eQ~Vxx2Vyy!6 iVxy

8I ~2I 21!
I 6

2 . ~8!

To assess the microscopic details of the coupling mechan
we consider first the change of the EFG at the site of
nucleus due to the presence of an electron. A spherical
charge with the exciton radiusr 510 nm contributes an
EFG of 2231014 V m22 in a distance of 10 nm from the
center of the exciton.

Since the nuclei in GaAs are located at positions that l
inversion symmetry, there is also an indirect process, wh
couples the homogeneous electric field to the nuclear qu
rupole moment.25 The matrix element of the induced EF
is27,12

Vi j 5~Vi j !E501(
k

Ci jkEk , ~9!

Ci jk 5(
k

Ri jk1(
k

(
lm

Si j lmdlmk , ~10!

whereRi jk describes the generation of an EFG by an app
electric fieldEW at constant strain. The second term descri
the EFG produced by piezoelectric strain. The coupling c
stantCi jk , vanishes except whereiÞ j Þk and all these non-
zero elements are equal. We combine the indicesj ,k in the
usual Voigt notation toVi j 5Vji 5C14Ek andVii 50.

Using the literature data forC14 of arsenic27 and an elec-
tric field of 106 V m21 due to the presence of the excito
we estimate a contribution to the EFG of approximat
1018 V m22 for the indirect mechanism—significantly mor
than the direct mechanism. For aDmI562 transition, there
are only two transitions, and the nuclear spin polarizat
decays as

I z~ t !5I zDe22WDt1I zEe22WEt ~11!

with decay rates

WD5
p

24\2
e2Q2Vi j

2 f ~v2vQ!, ~12!

WE5
p

24\2
e2Q2Vi j

2 f ~v1vQ!. ~13!

The index (D, E) refers to the transitions (3
2 ↔2 1

2 ,
1
2 ↔2 3

2 ).
As for the single quantum transitions, we measured

decay rates as a function of the modulation amplitude. T
measured rate constants, summarized in Fig. 10, incr
quadratically with the modulation amplitude. This result i
dicates that the EFG is proportional to the density of pho
electrons.

Since the indirect process is significantly larger, we n
glect the direct process. Using the coupling constantC14 and
Eqs.~9!, ~12!, and~13!, we estimate the effective alternatin
electric fieldE1 from the transition rates. Table II shows th
estimated electric field for a modulation amplitude of 1
W cm22. Different values have been published for the co
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pling constantsQ and C14.25,27 As shown in Table II, the
variation of these parameters translates into a large un
tainty of the electric field values~a factor of 4!.

Figure 11 shows the dependence of the effective field
the modulation amplitude. The roughly linear increase wit
similar gradient for all three isotopes agrees with the
sumption that the field is due to photogenerated charg
Since the coupling strength for the electric quadrupole in
action is significantly smaller than that of the magnetic
pole transitions, we conclude that the single quantum tra
tions are dominated by the magnetic coupling mechanism
assumed in the evaluation of the data for the single quan
transitions.

V. CONCLUSIONS

The data presented here show clearly that a modulatio
a pump laser beam can induce transitions between nuc

FIG. 10. Dependence of theDmI562 transition rate on inten-
sity modulation amplitude for all three isotopes.

TABLE II. Conversion of pump rates to effective electric fie
strength. The published data for the coupling constantsQ andC14

are listed and used to convert the observed transition probabilit
effective electric fields. We could not find independent measu
ments ofQ and C14; therefore we used these data sets from o
measurement. The differences between the values ofC14 for the two
Ga isotopes reflect experimental uncertainties.

WD
a dD

e Q C14 E1
a

@s21# @kHz# @10229 m2# @1012 m21# @V m21#

75As 0.04060.004 2.8 3b 1.55b 830640
2.9c 2.93c 450620
2.9d 3.16d 420620

69Ga 0.00560.002 2.2 2.318b 1.05b 8606170
1.9c 2.85c 390680
1.9d 2.72d 405680

71Ga 0.000960.0001 1.4 1.416b 0.9b 520630
1.2c 2.81c 200610
1.2d 2.60d 210610

aMean value at 100 W cm22.
bValues from Gillet al. ~Ref. 27!.
cValues from Dumaset al. crystal I ~Ref. 25!.
dCrystal II.
eHalf width at half maximum of the transition.
1-6
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spin states. For magnetic dipole transitions, the hyper
interaction is the dominant mechanism for coupling to
nuclear spins. In addition, the charge distribution of pho
excited carriers couples to the nuclear quadrupole mom
For DmI562 transitions, this is the dominant couplin
mechanism. Kalevich,5 who reported similar experiments i
bulk GaAs, found no evidence for the quadrupole mec
nism. This is not surprising, considering that the elec
mechanism is significantly weaker and he did not observe
DmI562 transitions, where the magnetic dipole mechan
is absent.

Both mechanisms are active when intensity modulatio
used. If, instead, the polarization of the laser beam is mo
lated, at constant intensity, the charge density remains

FIG. 11. Variation of associated electric field strength with
tensity modulation amplitude.
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stant. In this case, the electric mechanism is absent, while
magnetic mechanism remains and only dipole transitions
observed. In contrast to the double quantum resonance
dition of conventional NMR, where two rf photons induce
double quantum transition, the coupling through the elec
quadrupole interaction requires only a single photon, in cl
analogy to overtone spectroscopy.

To obtain quantitative measurements for the interact
strength, we performed time-dependent measurements o
nuclear spin polarization and extracted the couplings from
rate-equation analysis of these data. Malinowski a
Harley28 have studied the time dependence of theelectron
spin polarization, which occurs on a much shorter time sc
on our experimental time scale, the electron spin system
equilibrium.

In conclusion, we have shown that a suitable choice
modulation scheme, modulation frequency, and magn
field strength allows one to excite single quantumDmI5
61 or DmI562 transitions by purely optical means. Su
experiments may prove advantageous in situations whe
is difficult or impossible to apply radio frequency fields
the sample.
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