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Spectral Zeeman hole burning in a quantum dot ensemble
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Spectral hole burning experiments based on high-resolution magneto-CW four-wave mixing in the phase
conjugate geometry show that both the spectral and spatial diffusion of excitons is negligible in the GaAs
guantum dot system formed by interface disorder. Due to the strong Coulomb coupling, Zeeman spectral hole
burning is observed when we resonantly excite one of the two orthogonally polarized excitons confined to each
dot by two copolarized and frequency-degenerate fields and then probe the system by a third beam that is of
opposite polarization and a Zeeman splitting awiayfrequency. The experiments allow for a measure of the
exciton decay rates arglfactor.
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[. INTRODUCTION dots in a 42-A molecular beam epitaylIBE)-grown GaAs
layer (with 250 A Al, Ga, -As barriers.® The growth inter-
GaAs quantum dot8QD’s) naturally formed by interface ruption at the GaAs/AlGa, -As interface leads to disorder
disorder are among the most extensively investigated semwith size comparable to the exciton Bohr diameter in GaAs,
conductor nanostructure systems that show threegiving rise to quantum confinement in the lateral direction.
dimensional(3D) confinement of optically created excitons. Combined with the quantum confinement in the growth di-
Because of the Pauli exclusion principle and the discreteneg§ction, the exciton states of each QD become fully discrete.
of the electronic levels of each individual QD’s, the linear This paper is concerned with the lowest bright heavy-hole
and coherent nonlinear optical response from this S);s‘tg-m exciton states which are twofold spin degenerate for dots that
is well described within the theoretical frame of atomic phys-are circular in the lateral direction. Each of these excitons in
ics. These properties have been regarded as the basis f@dot can be created by a resonant polarized optical field that
quantum information processing based on optically driverexcites one electron from thelike heavy hole levels into
QD's 1215 the s-like conduction levels as shown in Fig(al®~® (the
Single QD measurements based on submicron spatigdlegeneracy of the conduction and heavy hole levels is re-
resolution achieved by various means, however, cover only Bnoved for general cases, see the following discugsion
relatively small subset of all QD’s in the sample. An explicit Gammonet al'® have shown that the two lowest heavy
spectroscopic study showing that most excitons are indeeldole exciton transitions in these samples are linearly instead
localized and well isolated without suffering significant spa-©f circularly polarized due to the QD asymmetry. The exter-
tial and spectral diffusion is not yet available and is one offal magnetic field applied in the Faraday configuration re-
the main subjects of this paper. The experiments are based &fPres the selection rules tar, and o_ circular
probing an ensemble of QD’s using h|gh spectra| |feso|u]:iorpO'ElriZEltiOﬂL.1 The magnetic field also Sp”tS the conduction
CW four-wave mixing(FWM) in the phase conjugate geom- and heavy hole levels by different amounts and therefore
etry. induces a Zeeman splitting between the and o_ transi-
FWM allows us to quickly study the exciton localization tions as shown in Fig. ().
without relying on performing a large number of time- An equivalent model in the excitation representation is
consuming single QD measurements or imaging each indishown in Fig. 1b), with the crystal ground, the, ando
vidual QD based on sophisticated near-field scanningXxciton states denoted Bg), |+), and|—). The Coulomb
mi(;ros(;opyr’_*l6 The FWM technique is background free and interaction between the two excitons can be easily incorpo-
both the frequency and polarization of all incident beams can

be flexibly controlled. As will be detailed in this paper, this (a) (b)

flexibility combined with an external static magnetic field — _ [+1/2) A_Elb)

allows for an observation of a conventional as well as a  _] |-1/2) E ) E
nonconventional Zeeman spectral hole burnii@HB) of —_ |_)<3_
magneto excitons. The data quantify the spectral and spatial C. S. E

diffusion of excitons and als@) reveals an interesting inter- [+3/2) ‘)/E' o, /o.

dot energy exchange process that is difficult to obtain in O |-312) 4 B

single QD studies(ii) affirms that the excitons confined to

each individual QD are strongly correlated by the Coulomb  F|G. 1. (a) Diagram for relevant energy levels of a single GaAs

interaction, as expect@d(iii) demonstrates the importance QD and the two optically allowed exciton transition§) An

of optically induced Zeeman coherenc¥; and (iv) mea- equivalent model in the excitation representation. The ground, ex-

sures the exciton decay dynamics as well asgtfactor? citon, and biexciton states are denoted &), | =), and|b). Phase-
Experiments are performed on an ensemble of naturalonjugate FWM setup is also shown.
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rated in this basis and is represented by the energy AkHift o (b)
of the biexciton statéthe biexciton binding energy Sym- -
bols y;; andT’;; denote the dephasing and energy relaxation
rates between levélandj (i#]), respectively. Evidence for
biexcitons in this systenfwith AE~3 meV) was reported
elsewheré:1%19Both the homogeneous and inhomogeneous
linewidths of the QD excitons are at least one order of mag-
nitude smaller than the typicdlE. Thus, by tuning the CW
lasers to excite the exciton states, the contribution from level
|b) is negligible.

The overall optical response of a QD ensemble is an in-
tegration over many dots whose exciton energies lie suffi- +- 4

+ Q=Q

T G M m

‘ Deg +
ciently close to that of the excitation fields. The sample is L L L L L L L

placed in a magnetic cryostat at 5 K. All CW lasers are 1630 1632 1634 1630 1632 1634
frequencies stabilized te-4 neV with a mutual coherent Energy (meV) Energy (meV)

bandwidth of~20 neV. _
FIG. 2. (a) Degenerate FWM spectra at 4.3 T under all possible

polarization configurationgb) Type-Il nondegenerate FWM spec-
tra under various polarization configuratioks.andE, are fixed at
1632.82 meV, as indicated by the arrow. The bottom curves are
The phase conjugate FWM geometry is shown in Fig.degenerate FWM spectra. The energy axis repredeidts
1(b)?° with three incident fields denoted 15, , abbreviation
for E,(k,,Q,). Here,n=1,2, or 3 anck and(Q) denote the considered in this papét.In type-I experiments, all beams
wave vector and angular frequency of the fields, respectivelyare degenerate in frequency and tuned. In type-ll experi-
The two counterpropagating fields; and E; (k= —Kk3) ments, we keef), and(), the same and fixed and tutik;
intersectE,({),) on the sample. The coherent nonlinear op-with a detuning ofd; 1, (representing frequency difference
tical emissionE, with a k vector opposite toE, (k, between(; and(,/),). In this case, the front grating is
= —k,) is a combination of the contributions from the Bragg stationary leading to a contribution to the FWM signal that is
scattering ofEj; off the front excitation grating due to the sensitive to only the dephasing rajey, where o=+ or

II. PHASE CONJUGATE FWM

spatial and temporal modulation of excitons®ByE> , anda  —. The back grating, however, moves in the plane of the
similar process involving the back grating createdByE; ~ sample at a speed determined By;,. Its contribution is
which scatter€E; into —k, direction. sensitive to both the dephasing ratgg, and energy relax-

In the weak-field limit, both contributions come from the ation rates",q.?* In type-Iil experiments, howevef); and
various terms in the third-order polarization of the forp {15 are fixed at the same value b, is scanned with a
:2jklx'(J3k)|(QA;Ql,_02’93) ELE3*EL+c.c. Here the indi- detuning ofd,,13. In this case, both gratings move and their
cesijkl refer to the Cartesian components of the fields and?ontributions to the FWM signal depend identically gp,
X'(J3k)' represents the third-order suseptibility tensor which car‘i"‘ndrag; ) , .
be solved perturbatively using the equations of motion of the Considering the inhomogeneous broadenmg, a degenerate
density matrix2! The frequency of the signal is determined type-1 spectrum maps out the absorp_t|on profile of all dots. In
by Q,=Q,—Q,+ Q4 TheE, field is detected by a square- a nondegenerate type-Il or -lll experiment, however, the two

law photodetector leading to a signal proportiona Rg|2. beams fixed in frequency only excite one group of QD's that
Each field is made either, or o_ polarized? using a are resonant, leading to the removal of inhomogeneous
n _

linear polarizer and a quarter-wave plate in our experiment roadening and speptral ho[e burning. Resglts from th'ese
ree types of experiments will be presented in next section.

so that it only excites one of the two exciton transitions an
greatly reduces the number of terms in the third-order polar-
ization P,. Two fields of the same polarization create popu- Ill. RESULTS AND DISCUSSIONS
lation gratings of corresponding excitons. Two beams of or-
thogonal polarization allow for the coupling of the ) and
| —) states via the crystal ground stdg). This creates a We first focus on polarization sensitive degenefgtpe |)
spatial modulation of exciton coherence that involves bottFWM spectra shown in Fig.(3). The data were taken at 4.3
excitons and is equivalent to a coherent superposition of th& with all possible polarization combinations of the three
|+) and|—) states, the Zeeman coheredcélt is spatially ~ fields. In curves A, all beams are circularly polarized with the
modulated(due to the interference pattern between the excisame direction of rotation and thus excite only the or o_
tation fields to form the Zeeman coherence grating. Bothexciton state in each QD. The curves show the inhomoge-
types of gratings discussed above can be either front or bagkeously broadened exciton response with the energy differ-
gratings. Thus, by adjusting the polarization of the incidentence between the , ando_ curves being the Zeeman split-
fields, different contributions can be selectively studied.  ting, A, in frequency units. The third-order polarization
Furthermore, the three incident fields can be indepenterms causing this FWM signal are due to excitation follow-
dently tuned in frequency and three types of experiments ariag the perturbation path given by

A. Polarization Sensitive Degenerate FWM
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E5 (04) E5 (04) B. Spectral Hole Burning

Es(og)
% a,0" 7 = a,a - “Wa,g 1 .
Pa.g Ez(%)p 9 Ez(%)(p o Pog) Ey(o,)P @ We now turn to the nondegenerate FWM type-Il experi-

ments. The fixed, /), leads to the removal of inhomoge-

where the upper and lower paths are the front and back Seous broadening and spectral hole burning. By arranging

citon population grating contributions, respectively. The po- o I .
larization of each beam is indicated in the bracket and th(g,he polarization of the beams, it is possible to detect the

subscripte represents eithet or — excitation of theo, polarized exciton states via theg

The FWM signal is predicted to be absent based on th§'&teS. léading to a Zeeman spectral hole burning.
model of Fig. 1b) whenE, and E; are co-circularly polar- Type-ll spectra at 4.3 T is shown in Fig( as a function

ized andE, is of orthogonally circular polarizatioH.Curves ~ Of 7:€23- 3 and{); are fixed at the position indicated by the
D in Fig. 2(a) agree with this prediction. This confirms that arrow. With all beamsr,, polarized(E and F, strong spectral
with the magnetic field applied in the Faraday configurationhole burning is observed #t();=7(),. Both the front and
the exciton transitions are indeed circularly polarized beback gratings contribute, following the perturbation chains of
cause any deviation from the circular selection rules would=g. (1). In the case ofo. polarizedE; and E;, and o _
result in nonzero signal. polarizedEs, as shown in Fig. @) H, we observe a strong
For the polarization configuration that leads to curves Bhole due to the Zeeman split statés away from the fixed
the excitation of thea) exciton by theo, polarizedE, and %€, and#Q,. This hole is a result of a front population
E, leads to a front ground-state population grating, whichgrating following the upper path in Eq2) and a back Zee-
then causes the scattering of g (a# 8) polarizedE; via ~ man coherence grating following the lower path in Eg).
the | B) exciton transition. The perturbation chain is the up-The small signal at (2, is attributed to the resonant energy

per path(we will discuss the lower path latet’ transfer discussed previously. A similar result is obtained us-
ing o, polarizedE, and E;, and o_ polarized E; (not
Ey(o,) E} (00) Es(op) 2 shown). In this case, the backpopulation and front(Zee-

man coherentgratings follow the lower path of Eq2) and
upper path of Eq(3), respectively.

The back grating of curves B, however, is due to the Zeeman The result obtained witlr_ polarizedE; andE, ando
coherence created by the cross polarilEgdand E; which  polarizedE; is shown in curve G of Fig.®). It is similar to

Pg,g_’E3(oa)Pa,g_’E’2~ (Ua)Pg,g_’El(aB)Pﬁ,g :

follows the lower path: H except that the Zeeman hole is on the otffagher en-
ergy) side of();, as expected. The measurem@rit shown
_Eai0n) _}E;((TB) __Es(op) 3) _usinga_ polarizedE, _and E; ando, polarizedE, yieI(_:is an
a0 Ey(o, )P0 s (0P BT (0P g identical spectrum with the spectral hole on the higher en-
ergy side.

The vectorial characteristics of the sigrig) should be the We note that according to E@l), both the|g) and|a)
same as that of the field,,'’ in either case, which was population contributes to the holes in E and F of Fig. 2 when
experimentally confirmed. all three fields are co-polarized. Considering both the front
However, neither the ground state nor Zeeman coherenand back gratings, there are four contributing terms to the
grating contribution to curves B is fully resonant for degen-signal. On the other hand, the Zeeman hole in G and H
erate beams because the Zeeman splitting is about 3.5 timeentains only the ground-state population path in yand
larger than the exciton linewidttthe exciton linewidth was one path in Eq(3), a total of two terms. Since the FWM
measured in Ref. 6 and will be discussed in Sec. )lllBad-  signal is proportional tdP,|?, we expect that the holes in E
ing to a reduction of the signal roughly by a factor[¢fy = and F to be roughly four times stronger than the Zeeman hole
+A,)/y]?=20 from the resonant caseurves A. The signal in G and H. The experimental data agree with this specula-
in B is clearly larger than expected and is attributed to artion.
interdot energy transfer from the) exciton population grat- The excitong factor of —1.2 can be obtained in a
ing to form an energetically degenerd®) excitons grating, straightforward way from the Zeeman splitting determined
which then scatters the; polarizedE;. This is evident by by the above hole burning experiments. We find that the
noting that the spectral position of the, grating contribu- Zeeman splitting satisfigsA ,=gugB up to 5 T. Hereug is
tion in curve B is correlated with the, curve in A. As will  the Bohr magneton. Both the sign and magnitude of the ex-
be shown later, interdot spectral diffusidinigher energy to citon g factor measured here are consistent with Ref. 25,
lower energy relaxationis negligible. The data here show which shows that for a 42-A quantum wéW) structure,
that the interdot energy transfer rate becomes significarthe electrong factor is slightly positive(the +1/2 level is
when the initial and final states are nearly degenerate. Thhigher in energy than the 1/2 leve) but the holeg factor is
resonant enhancement of the energy-transfer process wasgative(the +3/2 level is higher than the 3/2 leve), lead-
also observed in wide GaAs quantum wéfls. ing to a negative excitog factor. Compared to degenerate
Curves C can be explained in a similar way to curves BFWM which also allows for measuring trgefactor, an ad-
except that the front grating becomes a Zeeman coherensgntage of the type-1l nondegenerate experiments is@®hat
grating following the upper path of Ed3) and the back and(, can be tuned to various spectral position anddhe
grating is a ground-state population grating following thefactor of excitons as a function of energy can be studied. We
lower path of Eq.(2). did not observe any notable dependence. Interestingly, the
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linewidth of the Zeeman hole in Fig(® G and H is about
1.8 times larger than that of the spectral holes in E and F.
This could be due to a large decay rate of the Zeeman co- — i
herence. However, from the single QD studies discussed in
Ref. 7, we know that the Zeeman coherence decay rate is
comparable to that of the exciton dipole coherence and is
unlikely to cause a broadening of the Zeeman spectral holes.
Alternatively, if the excitorg factor is inhomogeneously dis-
tributed, we expect to see a broadening of the Zeeman holes.
The variation of the excitog factor was indeed observed in
single QD studie$® Assuming a Gaussian distribution of the

g factor, it can be shown tha}t t'he broadening of the Zeeman g5 3. Comparison of type-ll and -lll nondegenerate FWM
holes corresponds to @ variation of +0.2. Theg factor  spectra at 4.3 T. All beams ate, polarized. The beams with fixed
distribution is a manifestation of the variation of the local frequency are at 1632.82 meV. The solid lines are curve fitting
environment of each individual QDsuch as the size and pased on Eqs(4) and (5). Similar results were obtained with all
shape of the dojs beamso_ polarized.

—_—l

1
1632.6 1632.8 1633
Energy (meV)

C. Higher-Order Coulomb Correlation spectral diffusion due to energy transfer leads to the forma-

The Zeeman hole burning originates from different phys-tion of exciton gratings at Iower.energies, which is then
ics compared to that observed in GaAs quantum well$0Ped by tunings, to these energies. From curves E and F
(QW's) 2 First, the probed Zeeman hole in wide QW’s was of Fig. 2(b), it is apparent that the spectral diffusion of exci-

due to the spin-flip of excitons. Only a Zeeman hole on thd©NS t0 the lower energy states is negligible within the ex-
lower energy side was observed, an indication of energy re;:_)_erlmental uncertainty in the studied structures. This is pos-
laxation as the physical origin. Second, it was measured thaiPly due to the enhanced separation and consequently
the amplitude of that hole decreases dramatically with thé(_aduced interaction between excitons localized at different
increasing magnetic field, which reduces the spin-flip rate. IrP/t€S- _ _

our measurements discussed in the previous section, how- Fom the copolarized type-Il FWM spectra, the exciton
ever, Zeeman holes on both sidestidd,; and# (), are ob- decay rates can .be extractgd. For E and .F of .F(g)’a
served, which cannot be explained by spin flip alone at |OV\;:aIcuIat|on following Eq.(1) yields that the signal is
temperatures. According to Refs. 3, 7, 27, and 28, the spin

relaxation rate in this QD system is small and can be ne- |E1EoE3|% 1gal® [ 1 3

glected. In addition, the signal strength of the Zeeman holes I"M—W2(4 2 52 F—2+ 2] (4)
relative to the holes in E and F of Fig. 2 is found to be Yag™ 93,12 \ L ag ag - “3.1

independent of the magnetic field. . : .

Tﬁe Zeeman hole bgrning in the interface QD system is\[/vhere the first term is pprely from the front gratlng, one-
caused by the same physics discussed in Ref. 7. In particule*ﬂ!rd of the second term is from th_e back grating, and two-
the o, and o_ excitons confined to each dot are strongly |ro!s of the secqnd term is the interference betv_vee_n the
correlated by the Coulomb interaction. Thus the excitation o ratings(when taking a ”.‘Odu'us square of the polarization
one exciton leads to a nonzero grating in the other excito he eqsemble average 1 t_ake_n by Integrating over all dots,
transition and two fields that ark, apart can jointly create a assuming a Gaussian distribution with width Due to the
Zeeman coherence grating of two excitons. The Coulom contribution fromi all dots whose resonance frequency is near
coupling shifts the|a)—|b) transition off resonance with ! an(tijnfsltze,;geo;me )S k;an%erof th?ﬁfgigf fl}?;a(;tﬁerllzsdisby
any beam so that the scattering by coupling to the biexcito%gr%g lex com argég to the b‘ﬁ’”'( GaAs case. where t?]e back
state is negligible. Without the Coulomb coupling, this scat- ratif)] can bg neglected and onlv the first, term in &)
tering would cancel the contribution of E), leading to grating can ! 9 : y . N
zero net contribution to the Zeeman hole. In Ref. 8, we hav emains, giving rise to a simple Lofe“t.z'a“ characterized by
confirmed that the Coulomb correlation energy is around 3. 7. This is be_cause_ the_back Qrat"ﬁg IS CIQSEW spaced and
meV, much larger than both the homogenous and inhomog he strong exciton migratio(spatial diffusion in bulk GaAs

neous linewidths of the excitons of concern. washes out this grating. I-_|owevgr, this Is not th? case in the
present systenfsee later discussion on spatial diffusion

A curve fitting of Fig. Zb) E is shown in Fig. 3, yielding
¥1g=25=3 andI';;=11=2 ps. Similar results are ob-

The SHB experiments discussed above can provide infortained fory_g andI' _y. These values are consistent with
mation regarding the exciton relaxation dynamics and thesingle QD measuremenit$:*° From these numbers, we con-
spectral diffusion of excitons as well. In the early SHB mea-clude that the pure dephasing of excitons due to phase
surements made in wide GaAs quantum w&lf& it was  changing scattering events is insignificant, again, in support
found that the spectral diffusion from high- to low-energy of the reduced elastic scattering of excitons due to localiza-
excitons leads to a substantial tail in addition to the shargion. At the ensemble level, our measurements show that this
spectral hole on the lower energy side. This is because this true for majority of the QD’s.

D. Spectral Diffusion, Exciton Lifetime, and Dephasing
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The line shape of the Zeeman hole in curves G and H of ' ' ' F—a4s
Fig. 2(b) carries the information about the decay rate of the I
Zeeman coherence,, _ . However, as shown in earlier dis-
cussions, the inhomogeneity of the excitgrfactor of the 16 i
ensemble significantly modifies the linewidth of the Zeeman o
holes and thus makes the measurement.of impossible in i
these experiments. The single QD studies discussed in Ref.
26 show thaty, _ is mostly caused by the decay of excitons
(ratesy, 4 and y_g); the excess dephasing of the Zeeman
coherence beyond the part determined by the exciton dephas-
ing is less than the exciton dephasing itself.

-1I0 5 O 5 1.0'
Detuning (GHz)

Type Il FWM

E. Spatial Diffusion of Excitons

Finally, we address co-polarized type-lll nondegenerate
FWM experiments, compare them with type-Il measurement,
and discuss how to extract information on the spatial diffu-
sion of excitons. .

For copolarized type-lll FWM, both the front and back -10 -5 0. 5
traveling gratings that follow Eq1) contribute identically to Detuning (GHz)
the total signal,

10 15

FIG. 4. Calculated type-lll FWM spectra as a functiondoivith
various exciton diffusion coefficier, which is in units of cris.
The angled is in units of degree. WheD is zero, the spectra are
2 8 independent of). The experimental results are plotted in the inset.
|E1E2E3| |,U«ga| P b P P

©)

Ly o .
W2(T2,+ 85 19 (Y2, + 83
( ag 2,19(70@ 2,13) Ftota|:F+47TZD/A2’ (6)

The line shape is a product of two Lorentzians characterizeqihereD is the diffusion coefficient of excitons antl is the

dephasing of excitonsy,q is much larger than th& .4 so

that the signal is very well approximated by the narrower
Lorentzian with widthI 4. In the QD system under study,
this assumption is not vali(see Ref. 6 and the earlier dis- A=—-
cussions on the exciton decay rates based on type-ll mea- 2nsin(6/2)
surements A type-lll spectrum obtained using, polarized
beams is shown by the open circles in Fig{B.and; are  for the front grating and by
fixed at the center of the spectrum. It is obviously narrower
than the type-Il spectrungsolid circle3 because the en-
semble average does not impose a factor of 2 in front of A
Y+g4- Fitting the type-Ill spectrum to Eq5) yields ylé A=—7T_6 (8)
=25+2 ps and’;é= 11+ 2 ps, in excellent agreement with 2n sin(
the type-Il results discussed in the previous section.

It is assumed so far in all the theoretical analysis above
that the spatial diffusion of excitons is negligible due to thefor the back grating. Here\ is the wavelength of the exci-
relatively strong exciton localization. Simple experimentstation optical field in vacuum andlis the index of refraction
based on traveling grating excitation can be used to study thef the material.
exciton transport and to confirm this assumpfibie® For Figure 4a) shows the predicted type-Ill spectra as a func-
example, in the type-lll experiments, the grating spacing igion of # assuming various values for the exciton spatial
controlled by varying the anglé between thek vectors of  diffusion coefficientD. The theory suggests that the line
E, andE,. The effect of the spatial diffusion process is to shape has a strong angle dependence eveb 8 small as
reduce the contrast of the excitation gratings and is equivad.05 cnt/s. From the experimental data shown in the inset
lent to an effective increase &f that depends on the diffu- of Fig. 4 (0 is varied between 4° and 30° in the Jalwe
sion coefficient. This effective change Bfwould affect the  conclude that the exciton spatial diffusion is smaller than
linewidth of the type-lll spectra. Under the diffusive limit 0.05 cn?/s in the system under study, which is at least three
and using the appropriate diffusion equation for the excitederders of magnitude smaller than that of bulk GE&A©ur
state density, Ref. 31 showed that the total effective energgxperiments show a simple way to verify that the excitons
relaxation ratd ;. including the effect of the spatial diffu- are indeed localized in these structures without relying on
sion is sophisticated near-field imaging techniques.

A
@)
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