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Coupling mechanisms for optically induced NMR in GaAs quantum wells
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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 resgsite
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 dmty= =1 transitions, the latter also caugsigle
photon) Am,=£2 transitions.
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[. INTRODUCTION achieved by trapping of the electrons in shallow donor Sites.
In molecular beam epitaxyMBE)-grown heterostructures,

Nuclear magnetic resonanc@MR) investigations of the donor density is too small to provide a sufficient number
nanometer-sized semiconductor structures, such as quantu@htrapping sites; instead, trapping typically occurs at inter-
films and quantum dots are not possible by standard radidace defects.
frequency (rf) detection techniques. However, it has been
shown by various groups that optical pumping can increase
the polarization of the nuclear spins by many orders of mag-
nitude. As a result, rf detection of Opt|Ca”y pumped GaAs Experiments were performed on a GaAs mu|t|p|e guan-
quantum wells has been successfully reported in a slightlyym well sample. The quantum wells were grown by MBE
modified NMR probé. It is also possible to detect the NMR on a(001) GaAs substrate. The well widths varied between
transitions optically, through changes in the polarization of2 8 and 39.3 nm, and they were separated by 30.9 nm
the photoluminescenceWhile these experiments still uti- Al Ga, -As barriers.
lized rf excitation of NMR transitions, it is also possible to  The sample was cooled to liquid helium temperatures in a
replace the external rf field by a modulation of the optical e fiow cryostat. Excitation and detection were nearly reso-
field at the nuclear Larmor frequency. As a result, the NMRpgnt with then=1 heavy hole transition of the 19.7 nm
spectrum can be measured by purely optical means, eliminagantum well, whose photoemission peaks at 812.09 nm
ing the need for a rf coff=’ . (width 0.44 nm; see Fig.)1 Excitation was on the high-

That it is possible to directly generate precessing magnésnergy side of the photoemission line and detection was on
tization by modulated optical excitation was demonstrateghe |ow-energy side. The separation between excitation and
previously in atomic vapours,using either mode-locked getection(0.4 nm was large enough to provide sufficient
pulse lasers;'® or cw lasers with external modulatidhin  gyppression of any scattered laser light.
these experiments, the optical pumping directly creates trans- A 100 mw laser diode was used for optical pumping as
verse magnetization, which can accumulate over several Lajge|| as for the excitation of NMR transitions. The laser beam

mor periods if the modulation frequency matches the precesyas either intensity or polarization modulated with an
sion frequency.

When modulated laser beams are used to drive NMR tran-
sitions in semiconductors, the main effect is not a direct gen-_
eration of precessing magnetization, but rather a reduction 0z
the nuclear spin polarization when the resonance condition isg
fulfilled. In addition to the usual resonance conditiop,,y
= v,By, it was also observed that optical excitation can in-
duce transitions when the modulation frequengy,,y be-
comes twice the Larmor frequenayyoi=27y,Bq. Kempf
et al}? suggested that this effect could indicate that excitons : : ,
can couple to nuclei through the electric quadrupole interac- 800 810 820
tion. wavelength [nm]

An optimal excitation of NMR transitions by modulated  FIG. 1. Relevant section of the photoluminescence spectrum.
optical pumping requires a strong hyperfine interaction withThe arrows mark the positions of excitation and detection. Well
the photoexcited carriers. In typical bulk materials, this iswidths are indicated above the peaks. “LH light hole.
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FIG. 2. Luminescence polarization as a function of the magnetic
field (Hanle curvé measured after optical pumping in a field of FIG. 3. All-optical NMR-spectrum at a fixed modulation fre-
By=15 T. quency of 5 MHz using intensity modulation of the laser and scan-

ning the external field from 0.1 to 0.9 T. Three of the four transi-

electro-optical modulatofEOM) and a polarizer. A quarter- tions can be associated withm,= =1 transitions of the three
wave plate created circularly polarized light, and the beanfelevant nuclei; the fourth represents &As Am, =2 transition.
was focused to a spot size of approximately 100 in di-  The inset indicates how the sudden change in the luminescence
ameter. polarization at the NMR resonance frequency can be understood as

We used an oblique Hanle setup for optical detection oft shiﬁ of the underlying Hgnle curve: when the resonance conditipn
the NMR transitions, with an angle of 73° between the'S fulfllleql, the nyclear spins are saturated and the corresponding
surface-normal of the sample and the external magnetifuclear field vanishes.

field **'* The laser was incident along the surface normal. _ .
The photoluminescence was focused onto the entrance slit SEC: The width of the curvéHWHH) is of the order of 0.4 T,

a 1 m Czemy-turner monochromatéspectral resolution significantly larger than that of the unshifted Hanle curve
0.04 nm to suppress scattered laser light and to select the ot showq, w_here the width vv_as\B:0.13 T. The zero-
photoluminescence from the 19.7 nm quantum well. The€ld polarization of the unshifted Hanle curve wé
light was detected by an avalanche photodiode with a band=0-29, corresponding to an exciton recombination time
width of 100 kHz. of 0.76 ns, and a spin lifetimeg of 031 ns. For the dis-
Polarization measurements of the photoluminescencBlaced Hanle curve, the peak polarization decreased to 0.2
were performed with a 50 kHz photoelastic modulator@d the line shape changed from Lorentzian to roughly
(PEM) and a polarizer. A lock-in detector referenced to theGaussian. This broadening is largely due to the nonequilib-
PEM extracted the difference between circular polarizatior] UM Situation, averaged over the beam profile of the pump
intensities. The degree of polarization was obtained by nori@Ser beam. _
malizing the lock-in signal to the average intensity. The 'Nitial all-optical NMR experiments were performed by
modulation frequency of the laser beam was of the order of £62NNiNg the magnetic field while modulating the laser inten-

few MHz, much higher than the frequency of the PEM, andS'y @t @ constant frequency Ofpnog=5 MHz. Figure 3
too high to be detected by the photodetector. shows an example of such a scan covering the range from 0.1

to 0.9 T. At four distinct field values, the luminescence po-
larization shows sudden drops. As explained in Fig. 3, the
lll. ALL-OPTICAL SPECTRA shape of this spectrum can be understood as arising from
sudden shifts of the Hanle curve when the resonance condi-
tion is matched for one of the nuclear spin species.
In the oblique Hanle geometry, the hyperfine interaction Three of these features correspond to the field positions
between the polarized nuclear and electron spin systengxpected for the resonances of the three nuclear spin species
when treated as an averaged system, can be regarded asc@jtained in GaAs’fAs, %°Ga, 7’Ga). The drop at 0.344 T

additional, effective magnetic field acting on the electrongccyrs at half the field value of th€As transition. It can be
spins. The strength of this nuclear field can be determined byyentified with aAm,==2 transition of the’>As nucleus

a Hanle measurement. Figure 2 shows the polarization of thgy — — 3/2, + 1/2; m,= — 1/2> + 3/2), as discussed in de-

photoluminescence, measured with circularly polarized exciaj| pelow.

tation as a function of the magnetic field strength dis-

placed Hanle curye The peak of the polarization curve in-

dicates that at this value, the external field is equal in

strength and opposite in orientation to the effective nuclear The individual transitions can be measured at higher reso-

field. Correspondingly, the total magnetic field acting on thelution by keeping the field fixed and scanning the frequency

electron spins vanishes and the polarization of the luminesaver the resonance lines. Figure 4 indicates how the NMR

cence reaches a maximum. transitions are observed under these conditions: initially, the
The curve presented in Fig. 2 was measured after pumpauclear field is stronger than the external field. As the scan-

ing the sample for 5 min in an external field of 1.5 T andning modulation frequency reaches the resonance condition,

subsequently scanning the field from 1.5 to 0 T within 20the nuclear spins are saturated and the nuclear field is dimin-

A. Overview

B. High resolution spectra
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FIG. 4. Shift of the Hanle curve during a scan through reso-
nance at fixed external magnetic field. At the beginning of the scan.
the Hanle curveposition J is shifted by the effective nuclear field
BnitBne from all isotopes. When the modulation frequency
reaches the resonance condition, saturation of one nuclear spin sp
cies reduce8,, to zero, thereby shifting the Hanle curve to posi- b) “Ga
tion 2. The observed polarization, which is shown in the inset, I

. 6.92
passes through a maximum whBg; + By, + B.,= 0, decreases to
the value determined by the second Hanle curve, and increase
again due to optical pumping when the modulation frequency is far
from resonance.
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ished. The Hanle curve correspondingly shifts to lower field'e_g
values. As its maximum passes through the current field set™
ting, the luminescence polarization reaches a maximum anc
subsequently decreases.

Figure 5 summarizes the resulting spectra for the three
isotopes. Partga)—(c) represent theAm,=*=1 transitions,
while parts(d)—(f) represent thé\m,= 2 transitions. The
resonance frequency for all transition can be written as

¢) 7lGa

Bext

=0309T
T T T T T T T
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FIG. 5. High-resolution spectra of individual isotopes, measured
with intensity modulation at constant magnetic field—(c) Am,
=1 transitionsjd)—(f) Am,= £ 2 transitions. Points: experimen-
tal data; curve: theoretical fit; inset: NMR spectrum calculated from
fit parameters.

)

®mod™ 'ynBO| Am, | .

Each spectrum shows the experimental detds, a fitted
spectrum (line), and the corresponding NMR absorption
spectrum(insed, which was calculated from the fitting pa- + 2 transition.
rameters by removing the convolution by the Hanle curve. gy ch two-quantum Am, = 2)-single photon transitions,
We deconvoluted the signals with the unshifted, as well agyhich should be contrasted to theguantum-a-photon tran-
with the shifted Hanle curve. The parameters of interest hergjijon usually observed in pulsed NMR spectroscHpy,
were not influenced by the type of deconvolution, resultinghaye peen observed in conventional NMR in the context of
in identical NMR spectra for both types of data analysis. FOryertone spectroscop,by acoustic resonand@? by elec-
the spectra displayed in this paper, we consistently used thgic resonancé! and in low-field NMR%2-24n the case of
parameters of the unshifted Hanle curve. For the shape of thgy.field NMR, the transitions observed are so-called flip-
NMR lines, we found better agreement with a Gaussian lingjiy transitions, where two(or more spins flip simulta-
shape t;‘;i” with a Lorentzian. . . neously. Since these transitions are strongly suppressed at

The ™As, Am=*1 spectrum[see Fig. %] contains higher fields, the observed transitions are some four orders of
three well-resolved resonances. They can be identified withyagnitude stronger than the calculated transition strengths
the three magnetic dipole transitions of a spin 3/2 with o flip-flip transitions. Furthermore, flip-flip spectra should
small quadrupolar splitting. While one expects three degengontain more than two resonance lines. We therefore tenta-
erate NMR transitions in bulk GaAs, which has cubic sym-tjyely assign them to single-spin, two-quantum, single pho-
metry with aT4 {43m} crystallographic point group, it is ton transitions, and give additional evidence for this assign-
well known that mechanical stress lifts this degenefacy. ment in the subsequent section.

Under the same conditions, than, = =2 spectrunjsee Fig. The quadrupolar splitting of thé°Ga and "‘Ga reso-
5(d)] contains only two resonances, which can be identifiechances is 3.4 and 2.1 kHz, respectively, 4 and 7 times smaller
with the two possibleAm;=+2 transitions in a spin-3/2 than the ®As splitting. Since the nuclear quadrupole mo-
system. The separation between these two linds ( ments for the two gallium isotopes are only two to three
=29.6 kHz) agrees with the separation between the outeimes smaller than that of arsenic, we conclude that the dis-

lines of the single quantum spectrun\ ¥=29.6 kHz).
These spectra clearly confirm the assignment of Alng =
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tortion causes different electric field gradiefE=G’s) at the T ag
two nuclear site$??° Am=3
|

IV. COUPLING MECHANISMS

7
A. Magnetic dipole vs electric quadrupole interaction
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While the field and frequency scans clearly established
that the modulation of the laser beam can induce transitions
between the nuclear spins, they do not indicate the mecha-

\
x
\

luminescence polarization

nism of this process. Two types of interactions are known to Ve = 9 MHzZ
be relevant for these spins: magnetic dipole and electric 0.6 0.8 1 12
quadrupole coupling® Although the Hanle effect is a clear external field [T]

indication of the magnetic interaction between the nuclear _ _ )

spin system and the electron spins, and the magnitude of the FIG. 6. All-optical NMR spectrum at fixed frequency usife

(averagg nuclear field acting on the electron spins is eas”ylntensny modulation andb) polarization modulation of the laser

extracted from the shift of the Hanle curve. there is no quanbeam’ both with a modulation depth of 0.5, where a full modulation
1 + - . .

titative information about the interaction strength acting on™®™ ¢ 10 0 is set to a modulation depth of 1.

the nuclei. . ) . - .
Under our experimental conditions, it is sufficient to dis- longer in this measurement, giving the system sufficient time

cuss the effect of the optical modulation on the nuclear spifi©® return to equilibrium between two passages through reso-

system in terms of time dependent perturbation theory. Th@ance. During the first three resonance transitions, the maxi-

transition brobability between two levels) and|b) is then ~ Mum of the Hanle curve passes through the current field
P y da) [0) position, and agaifin the opposite directiorduring the sub-

o sequent repumping period.
Wab=—2|<b|Him| a>|2f(w), 2 These spectra clearly show that both mechanisms are ac-
h tive. For Am,==*2 transitions, where the magnetic dipole
mechanism is absent, the electric quadrupole mechanism re-
énains. ForAm,;= *1 transitions, both interactions contrib-
pe. For these transitions, the electric quadrupole interaction
can be neglected, as discussed by Kalevitte compares
the NMR-signals by intensity and polarization modulation

whereH;, represents the coupling Hamiltonian ai{@) the

spectral density function. The main difference between th
magnetic dipole and electric quadrupole interaction is tha
the magnetic interaction can only induce transitions with

L . ) .
Am;==*1, while the selection rule for electric quadrupole for Amy=+1 excitation in Bulk GaAs, observing no differ-

interactions isAm,=0,x1,%2, ence between both modulation schemes. A quantitative
To distinguish between the two mechanisms, we mea:- : d

sured optically induced NMR spectra with two different analysis for t_h_e two mechanisms in the subsequent section
modulation schemes. In one experiment, the intensity of thé)rowdes additional evidence.

pump laser beam was modulated, thereby modulating the

magnetic interaction as well as the electric field. In the sec- B. Magnetic dipole interaction

ond experiment, the polarization was modulated, keeping the |n close analogy to the effective nuclear field acting on
intensity constant. This modulation scheme keeps the chargfe electron spins, we can model the effect of the hyperfine
density constant but modulates the electron Spin pO'arizatiOﬁhteraction on the nuclear Spins as an a|ternating magnetic
and therefore the magnetic interaction with the nuclear spinsield, for which only the component perpendicular to the
If the electric quadrupole interaction is the relevant couplingstatic magnetic field is relevant. In the rotating field approxi-

mechanism, we therefore expect to see transitions only fafmation, the interaction Hamiltonian can then be written as
the intensity modulation, while a magnetic interaction should

produce signals for both experiments. -

Figure 6 compares spectra obtained with the two modula- Hit=2 vahtBal . ()]
tion schemes. The top trace was measured with constant po-
larization, modulating the intensity of the laser beam, whileB, is the amplitude of the effective rotating magnetic field
the lower trace was taken at constant intensity, modulatingoupling to the nuclear spin. . Since the density of electron
the polarization of the laser beam. The mean intensity, thgpins is much smaller than that of the nuclear spins, this field
mean polarization, the position on the sample, its orientatioiis many orders of magnitude smaller than the nuclear field
and the scan duration were all constant for both measureacting on the electrons.
ments to make them comparable. Both spectra contain reso- To determine the coupling strength, we measured the time
nances at the Larmor frequency; the resonance at 0.62 Bependence of the nuclear spin polarization after switching
which can be associated with ten, =2 "°As transition, is  on the modulation. For a spin=3/2 with resolved quadru-
only excited in the intensity modulation scheme. In thesepolar splitting, we expect the nuclear spin polarization to
measurements the field scan direction is opposite to the scatecay as
direction used in Fig. 3. This enhances the sensitivity for the
Am,= +2 transition at 0.62 T. The scan time is significantly 1,(t) =108 2Wal+ ] ge~ 2Wst 4|, e~ 2Wct (4)
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TABLE |. Experimental results ahm;=*1.
g Yn S "° Wg B,
g [1¢° s 1T71] [kHZ] [s 4] [uT]
5
g SAs 45.78-0.03 1.0 6.30.4 2.5-0.1
Ga 64.21-0.04 1.0 71 1.9+0.3
, , ‘ "Ga 81.53-0.06 1.5 131 2.5-0.1
0 0.2 0.4 0.6
time [s] 3Mean value at 100 W cit.

. . . PHalf width at half maximum of the transition.
FIG. 7. Time dependence of the photoluminescence polarization

during modulation at thé®’As Am, =1 resonance frequency with an

amplitude of 200 W crm?. of the effective magnetic field strength with the modulation

amplitude(see Fig. 9. This agrees with the prediction of a
simple model where the average strength of the hyperfine
coupling acting on the nuclear spin system is proportional to
the density of the photoexcited electrons.

where the transition probabilities are, according to E@s.
and(3)

3 L., For the two gallium isotopes, the effective magnetic field
Wa=577:Bif (0~ wq), (5)  also increases linearly at small modulation amplitutkee

Fig. 9. At higher modulations, the dependence becomes

WB=27TyﬁB§f(w), (6) weaker. Spin diffusion may be responsible for this nonlinear

behavior: Since the polarization process occurs on a time
3 scale of minutes, the nuclear spin polarization established in
WczzwyﬁBif(er Q). (7)  the vicinity of the trapped excitons is partly transferred to
nuclei that do not directly interact with the excitons. In con-
The index @, B, C) refers to the three transitions+¢ «— trast to a rf saturation, the optical saturation is effective only
+1, +3o-1, —1--3) f(w) represents the spectral for directly coupled spins; spin diffusion should therefore
density function of the relevant transition, amg, the quad-  transport nuclear spin polarization back to the excitons. We
rupole splitting.1,,, 1,5, andl,c are the polarizations for €xpect that_ a more detailed analy5|si WhICh is beyond the
each transition. scope of this paper, would show contributions on the satura-
Figure 7 shows a typical example of the observed decafion rate as well as on the rate at which the nuclear spin
when the modulation was resonant with tms transition’ pOlarlzatlon is reestablished after saturation. Flgure 9 indi-
together with a fit to the data that includes the dependence §Rtes_that the deviation is significantly stronger for the
the optical polarization on the nuclear spin polarization.wo Ga isotopes than for®As. An interpretation of this
When the modulation amplitude was increased, the observe@sult might be attempted if the spin diffusion constants for
decay rate of the arsenic polarization increased quadraticalfe three isotopes were known. The higher gyromagnetic
with the modulation amplitudésee Fig. 8 According to  ratios would favor the Ga isotopes, but the isotopic dilution
Egs. (5)—(7) the transition probability is proportional to the favors "As.
square ofB;. The observed decay is a superposition of the
three transitions. Each rate is proportional f{aw) of the C. Electric quadrupole interaction
corresponding transition. The measured transition probabili- The Am =2 t iti | v to the electri
ties and the calculated rotating magnetic field amplitudes are € am= =2 transition coupies only to the electric
summarized in Table | for an intensity modulation of 100quadrupole interaction. The coupling Hamiltonian for this

W cm™2. This quadratic dependence implies a linear increas@ ©¢€SS can be written as
10

[ Pas ©
80+ ¢ PGa
" N o
=]
60+
Z = 6
g N
£ 4] = 4 .
g 20- 2] i
0 T T T 0 T T T T T
0 100 200 300 400 0 100 200 300 400
modulation amplitude [W cm'2] modulation amplitude [W cm-2]
FIG. 8. Dependence dPAs Am,= =1 transition rate on inten- FIG. 9. Effective rf field for°As and Ga as a function of the
sity modulation amplitude. intensity modulation amplitude.
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— =+ 75
HE:eQ(VSX;((ZYiy;_)_IVXy Z. 8 — 0’5_2 9
= 0,444 7
To assess the microscopic details of the coupling mechanism, 3‘3
we consider first the change of the EFG at the site of the ¢ 037
nucleus due to the presence of an electron. A spherical unit E 024
charge with the exciton radius=10 nm contributes an g
EFG of —2%x10* Vm~2 in a distance of 10 nm from the £ 0,1
center of the exciton. =
Since the nuclei in GaAs are located at positions that lack 0]
inversion symmetry, there is also an indirect process, which 0 100 200 300 400
couples the homogeneous electric field to the nuclear quad- modulation amplitude [W cm”]
rupole moment® The matrix element of the induced EFG
ig?712 FIG. 10. Dependence of them, = *2 transition rate on inten-

sity modulation amplitude for all three isotopes.

Vij=(Vi)e-o+ > CijEx, (9 pling constantsQ and C,4.2%?” As shown in Table II, the
: variation of these parameters translates into a large uncer-
tainty of the electric field value& factor of 4.
Cijk=> Rijkt > 2 Sijmimk (10) Figure 11 shows the dependence of the effective field on
k k' m the modulation amplitude. The roughly linear increase with a

whereR;;, describes the generation of an EFG by an appliedimilar graﬂienthforf.a:l three iSOtOpiS agrees with tﬂe as-
electric fieldE at constant strain. The second term describe ‘.Jmp“"” that t e field is due to p oto_generated charges.
the EFG produced by piezoelectric strain. The coupling cons ince the coupling strength for the electric quadrupole inter-
stantC.. . vanishes excent where: i k aﬁd all these non- action is significantly smaller than that of the magnetic di-
~ero ellg(n’]ents are e uaIpWe comjbine the indicksn the pole transitions, we conclude that the single quantum transi-
: € equal. N tions are dominated by the magnetic coupling mechanism, as
usual Voigt notation tov/;; =V;;=Cq,E, andV; =0 y g ping
Using ?he literature d”ata fjclm (1)‘% ell(rsenié%land.an clec assumed in the evaluation of the data for the single quantum
14 -

tric field of 1 Vm™! due to the presence of the exciton, transitions.
we estimate a contribution to the EFG of approximately

10'® vV m~2 for the indirect mechanism—significantly more

than the direct mechanism. For\am, = *+ 2 transition, there The data presented here show clearly that a modulation of

are only two transitions, and the nuclear spin polarizatiora pump laser beam can induce transitions between nuclear
decays as

V. CONCLUSIONS

TABLE II. Conversion of pump rates to effective electric field
I,(t)=1,pe 2Wol+ |, e~ 2Wet (11)  strength. The published data for the coupling const@ntnd C,,
are listed and used to convert the observed transition probability to
effective electric fields. We could not find independent measure-
ments ofQ and C4,; therefore we used these data sets from one

with decay rates

Wp= m eZQZV? flw—wo) (12) measurement. The differences between the valu€s gfor the two
2442 4 Qn Ga isotopes reflect experimental uncertainties.
an WD a 5D ¢ Q C14 El a

WE=24ﬁ282Q2Vi2jf(w+wQ). (13 [sY] [kHz] [107%° m?] [10*? m™%] [Vm™%]

"As 0.040-0.004 2.8 3 159  830+40

The index O, E) refers to the transitions ¢ — 2, 2.9 293  450+20
to—3). 2.4 316 420+20
As for the single quantum transitions, we measured thé9Ga 0.005-0.002 2.2 2.318 1.08  860+170
decay rates as a function of the modulation amplitude. The 1.9 2.85 390+ 80
measured rate constants, summarized in Fig. 10, increase 1.9 274 405+ 80
quadratically with the modulation amplitude. This result in- 7165 0.0009-0.0001 1.4 1.41% 0.9 520+ 30
dicates that the EFG is proportional to the density of photo- 1.2 2.8T 200+ 10
electrons. 1.2 2.60'  210+10

Since the indirect process is significantly larger, we ne-
glect the direct process. Using the coupling cons@gntand  ®Mean value at 100 W cit.
Egs.(9), (12), and(13), we estimate the effective alternating Pvalues from Gillet al. (Ref. 27.
electric fieldE; from the transition rates. Table Il shows the “Values from Dumat al. crystal | (Ref. 25.
estimated electric field for a modulation amplitude of 1009Crystal II.
W cm™ 2. Different values have been published for the cou-Half width at half maximum of the transition.

125301-6



COUPLING MECHANISMS FOR OPTICALLY INDUCED. .. PHYSICAL REVIEW B5 125301

475 N stant. In this case, the electric mechanism is absent, while the
N 69GZ magnetic mechanism remains and only dipole transitions are
348 TG, observed. In contrast to the double quantum resonance con-

dition of conventional NMR, where two rf photons induce a
double quantum transition, the coupling through the electric
quadrupole interaction requires only a single photon, in close
analogy to overtone spectroscopy.

To obtain quantitative measurements for the interaction
strength, we performed time-dependent measurements of the
nuclear spin polarization and extracted the couplings from a
rate-equation analysis of these data. Malinowski and
Harley”® have studied the time dependence of diectron

FIG. 11. Variation of associated electric field strength with in- Spin p0|ar'zaF'0n’ Wh'(,:h occurs on a much Shoder time SC,aI?;
tensity modulation amplitude. on our (_expenmental time scale, the electron spin system is in
equilibrium.

In conclusion, we have shown that a suitable choice of

spin states. For magnetic dipole transitions, the hyperfing,,qation scheme, modulation frequency, and magnetic
interaction is the dominant mechanism for coupling to theyq 4 strength allows one to excite single quantdm, =

nuclear spins. In addition, the charge distribution of photo—i1 or Am,= *2 transitions by purely optical means. Such

excited carriers couples to the nuclear quadrupole momeng, o riments may prove advantageous in situations where it

For Am,==2 wansitions, this is the dominant coupling ig gitficylt or impossible to apply radio frequency fields to
mechanism. Kalevichwho reported similar experiments in the sample.

bulk GaAs, found no evidence for the quadrupole mecha-
nism. This is not surprising, considering that the electric
mechanism is significantly weaker and he did not observe the
Am,= £ 2 transitions, where the magnetic dipole mechanism
is absent. We gratefully acknowledge the loan of a sample from

Both mechanisms are active when intensity modulation ig’rofessor Andreas D. Wieck and Dr. Soheyla Eshlaghi. Part
used. If, instead, the polarization of the laser beam is moduef this work was supported by the DFG through the Gra-
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