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Spectrally resolved Overhauser shifts in single GaAs/AlGa;_,As quantum dots
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In this work, the direct observation of spectrally resolved, polarization-dependent shifts in excitonic Zeeman
splittings arising from dynamic polarization of lattice nudiéie Overhauser effecin single quantum dots is
reported. Overhauser shifts corresponding to effective nuclear fields greater than 1.3 T were observed from
guantum dots in a 4.2-nm-wide quantum well. These electron-nuclear interactions are an important aspect of
the optical properties of quantum dots and may significantly affect recombination dynamics in quantum dots
even in the absence of an external magnetic field.
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Early luminescence studies of quantum dots measured en- In this work, luminescence was excited and collected
sembles of dots, which resulted in large inhomogeneouslyhrough a 1.5em aperture in an aluminum mask deposited
broadened spectral features. Recently, however, severah the sample, which consisted of a series of five single
groups have reported high-resolution spectroscopic studi€gaAs/Al Gy As quantum wells with varying width. Here
of excitonic luminescence from single quantum dots. we will primarily consider luminescence from a 4.2 nm wide
Magnetic field studies of single quantum dots, including arduantum well. Details of the sample preparation and experi-
analysis of the Zeeman splitting as a function of appliedmental setup have been previously repo_ﬁéduminescence
magnetic field, have been previously discuséédlowever, ~rom the sample, shown in Fig. 1, consisted of a number of
effects of nuclear spin polarization on the observed excitoni€*Cceptionally narrow features arising from recombination of
cucons localized by potental ugatons i ndvidua

Optical pumping of the nuclear spin system is a two-stepgf the excited exciton states, as measured by excitation spec-

process involving the transfer of angular momentum from N !
hotons to the nuclear spin syst&fThe first step, the po- troscopy, the lateral dlmen5|ons_of the quantum dots a7re es-
b ' ’ . timated to be roughly 100 nm, with values as low as 40‘nm.

larization of the electron spins by absorption of photons, is The evolution of the luminescence in an external mag-
accomplished by exciting the system with circularly polar-poic field when exciting the quantum dots with circularly
ized light in a longitudinal external magnetic field. In the 5|51ize4 light is shown in Fig. 2 for applied magnetic fields
second step, the electron spin polarization is transferred t9awing from 0.5—3.0 T. Consider in detail the magnetic field
the nuclear system through the hyperfine interaction, prefefjependence of the exciton with a zero-field energy of
entially orienting the nuclear magnetic moments. A static—1 623 eV. For excitation witlr+ polarized light, the en-
effective magnetic field proportional to the degree of nucleakrgy levels are resolvably split at 0.5 T into two levEfsg.
orientation then acts back on the electron system, shifting thg(a)]_ As the magnetic field increases, the splitting of the two
electronic energy level®verhauser shift Overhauser shifts
in electron spin resonance have been observed from a variety
of semiconductor materiaf§; *°with shifts corresponding to
effective nuclear fields up to 1.0 T being observed in mea- i 1
surements of a two-dimensional electron gas confined at a [ 3
GaAs/ALGa, _, interface!® - ]
In this work, we consider effects of nuclear spin polariza-
tion on excitonic recombination from single quantum dots in
an external magnetic field. In particular, we report the direct
observation of spectrally resolved, polarization-dependent
Overhauser shifts of excitonic Zeeman splittings correspond-
ing to effective nuclear hyperfine fields as large as 1.3 T.
These shifts demonstrate one important consequence of the oL
hyperfine interaction on the magnetospectroscopy of single
guantum dots. Even in the absence of an external magnetic
field, the hyperfine interaction may strongly influence spin Energy (eV)
relaxation and recombination dynamics in these confined
systemg2?!In addition, the observation of effects of nuclear  FIG. 1. Luminescence spectrum from a 4.2-nm-wide quantum
orientation on excitonic luminescence from a single quantumyell. The sample was optically excited through a lufB-aperture
dot implies that optical nuclear magnetic resonance of avith 10 mW of power at 1.637 eV; the laser spot size wakd0
single quantum dot may be possibfe? um. The sample temperature was 5 K.
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where the hyperfine interaction is now expressed as an effec-
tive nuclear fieldBy:

Bu=(A-1), /0" us. ®

The orientation of the nuclear magnetic moments is deter-
mined by the electronic spin polarization, which in turn de-
pends on the optical selection rules. For GaAs quantum dots,
changing the excitation froro+ to o— flips the orientation
of the electron spin polarization. The nuclear moments can
therefore be aligned either parallel or antiparallel to the ex-
ternal field, depending on the polarization of the incident
light with respect to the direction of the external magnetic
field. The effective internal magnetic field will then add to or
subtract from the external field, leading to differences in the
total effective magnetic field in the spin-dependent term in
the Hamiltonian in Eq(2), which depend on the polarization
of the light.

In comparing the experimental results in Fig. 2 with the
Hamiltonian in Eq.(2), the diamagnetic shift of the exciton
e L e L energy levels, spin-dependent splittings, and polarization-

dependent Overhauser shifts in the splittings are clearly iden-
16220 16225 1.6230 1.6235  1.6240 tifiable. Consider again the magnetic field dependence of the
exciton with a zero-field energy 0f1.623 eV. In Fig. 8),
the energies of excitonic recombination from the Zeeman-
o o » split pair are plotted as a function of applied magnetic field
_ FIG. 2. Polarization dependence of excitonic splittings from¢,, 1 excitation. The average values are then fit to a qua-
Sf'nglgquinéum E?Ots l')n an external ”_'ggnei'%f“_ébg"ﬁ excita-  gratic magnetic field dependence, giving a value for the dia-
tion; Bioiar=Bo By . (b) o= excitation; By = Bo~ By - magnetic shifta of 26 ueV/T? for this exciton. An analysis
of the diamagnetic shift of several other excitons localized in
levels increases. In addition, a shift in the energy of bottﬂg?nmzu{n_ gz;feC/'trg!SE??eac;it\l/Jen;]V\iglhgzvaer(\elili?igggﬁ;ngb-
levels to higher energy with increasing magnetic field is Ob'tained from an analysis of the data. In Fig3 the excitonic
served. A different field dependence of the splitting of the;oo 1141 splitting foro+ excitation is fit to a linear field
line is observed withr— excitation[Fig. 2(b)]. In this case, ependence, giving a slope of 68 ueV/T, or ag* value of
resolvable splitting of the luminescence is not observed unti 1. Similarg* values were obtained from an analysis of
magnetic fields greater than 2.0 T are applied, while the shi ther dots in this quantum well.

in the energy of the luminescence is similar to that observe Finally, the large polarization-dependent differences in

PL Intensity
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for o+ excitation. . . ._excitonic splittings shown in Fig. 2 are explained by changes
. Th_e_se exper_lmer_nal observations can be explained USINGiA the orientation of the internal effective nuclear field rela-
simplified Hamiltonian, tive to the external magnetic field. Quite simply, in Figa)2
the effective nuclear fiel&y is aligned parallel to the exter-
H= g* ugBoS,+ aBS+ (A-1),S,, (1) nal magnetic field and the total effective magnetic field in the

spin-dependent term in Eq. 2 is equal Bg+By . In Fig.
which neglects the exchange interaction, but includes a hy2(b), the nuclear field is aligned antiparallel to the applied
perfine ternt? In this expressiong* is the excitong value  field, giving a total effective magnetic fieBy=B,—By . At
in the z direction, ug the Bohr magnetonS, the excitonic 2.5 T, this difference is equal to 157V, as shown in Fig.
spin projection along the quantization axis,and« a con-  3(b). Given an excitonic splitting of 64eV/T, a shift of 157
stant which depends on the in-plane spatial extent of the:eV corresponds to a change in the total magnetic field of
exciton. By is the external magnetic field, oriented along the~2.5 T, or an effective nuclear fielly of 1.3T.
z direction.(A-1); is the ensemble average of th@ompo- Evidence of the hyperfine origin of the polarization-
nent of the hyperfine interaction, reflecting the degree of oridependent shift in excitonic splittings is given by the strong
entation of the nuclear moments. The first term in the Hamil-dependence of the magnitude of the splitting on excitation
tonian in Eq.(1), linear in applied magnetic field, is the intensity. As shown in Fig. @), for o+ excitation, the mag-
spin-dependent Zeeman interaction; the second term délitude of the observed splitting increases from 143 to 192
scribes the spin-independent diamagnetic shift of the excitoneV as the excitation power goes from 1 to 20 mW. In

energy levels; the final term describes the hyperfine interaccontrast, foro— excitation, the magnitude of the splitting
tion. Eq.(1) can be written decreases with increasing excitation power from 87 to 12

uev.
~ ) This behavior is readily explained by the intensity depen-
H=g" ug(Bo+Bn) S, + aBg, (2)  dence of the strength of the hyperfine tef# 1),, which is
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Field (T) FIG. 4. (a) Dependence of observed excitonic splittings on ex-

o o _ citation power for(®) o+ and (O) o— polarizations.(b) Depen-
~ FIG. 3. (a) Magnetic field dependence of excitonic recombina- gence of the integrated photoluminescence intensity from a single
tion from a single quantum dot far+ excitation. Solid triangles quantum dot on excitation power f¢®) o+ and (O) o— polar-

are higher-energy and lower-energy peaks, while closed diamond$tions. The external magnetic field was 2.0 T.
are average recombination energies. The solide line is a quadratic fit

to the average values, giving a diamagnetic shift of28/T2. (b)

Magnetic field dependence of excitonic splittings (@) o+ exci- ] ] )
tation and(O) o— excitation. The solid line is a linear fit to the related to the spin character of the exciton states. Spin-

data, giving a field-dependent splitting of 68 ueV/T for o+ polarized electrons are necessary to dynamically polarize the
excitation. nuclear system. However, in the absence of a magnetic field,
the exciton states are split into two states composed of linear
combinations of the two spin statéhe degree of nuclear
proportional to the time-averaged probability of the existencepolarization may therefore be limited by the character of the
of an exciton in the quantum dot. As the excitation powerexciton states in low total effective fields, resulting in the
increases, the observed excitonic splitting will either increas@bserved asymmetry in the polarization dependence of the
or decrease, depending on the relative orientation of the inexcitonic splittings.
ternal effective nuclear field with respect to the external Interestingly, the degree of nuclear orientation is appar-
magnetic field. The strength of the hyperfine term will even-ently not directly related to the degree of polarization of the
tually saturate at higher powers when exciton absorptiorexcitonic luminescence. The degree of polarization of lumi-
saturates. Indeed, the luminescence intensity from the datescence, defined to be equal (et —o—)/(oc++0—), of
shows evidence of saturation at the higher excitation powerdhe Zeeman-split pair shown in Fig(é? with zero-field en-
as shown in Fig. @&). A similar excitation power depen- ergy~1.623 eV increases front5% to ~35% as the mag-
dence of exciton luminescence from single quantum dots hasetic field increases from 0.5 to 3.0 T. In contrast, the degree
recently been observed and adequately described by a simpd nuclear orientation, as measured by the Overhauser shift,
rate equation analysisNote that the difference in the total exhibits little, if any, dependence on magnetic field in this
excitonic splitting increased te-180 ueV at the higher ex- range. Previous calculations, however, predict a strong de-
citation powers, corresponding to changes in effectivgpendence of the degree of nuclear polarization on the degree
nuclear fields approaching 3.0 T. of electronic spin polarizatioh® The discrepancy between
There is a pronounced asymmetry in the observed splittheoretical prediction and experimental observations may
tings for fields less than 1.5 TFig. 3(b)] which may be help identify details of the nuclear polarization process. For
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instance, Barretet al?* have recently postulated that the quantum dots localized in a 4.2-nm-wide quantum well.
exchange-split, optically-forbidden dark exciton states are inThese results illustrate an important consequence of electron-
volved in the nuclear polarization process rather than thé@uclear interactions on the magneto-optical spectroscopy of
optically-allowed states. single quantum dots.

In summary, spectrally-resolved Overhauser shifts in the we would like to acknowledge and thank E. R. Glaser, B.
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reported. Based on differences in the observed excitonifor the growth of the sample, and D. Park and the NRL
splittings for nuclear magnetic moments oriented parallel andNanoprocessing Facility for patterning the material. This
antiparallel to an external magnetic field, effective internalwork was partially supported by the Office of Naval Re-
magnetic fields are estimated to be greater than 1.3 T isearch.
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