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Fine structure and spin quantum beats in InP quantum dots in a magnetic field
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The paper reports on quantum beats observed in the photoluminescence kinetics of a single layer of the InP
self-assembled quantum dots in a magnetic field. It is found that the beats arise only after removal of excess
charges from the quantum dots by an external electrical bias. The quantum beats are shown to be related to the
interference of the excitonic fine-structure states split by the magnetic-field. The dependences of the beat
characteristics on the magnetic-field strength and orientation are studied. Theoretical analysis based on a model
spin Hamiltonian has allowed us to describe adequately the shape of the oscillating component of the signal.
We have determined the values of the electgefiactor components and estimated the spread and the mean
value of the holegy factor, as well as of the electron-hole exchange splitting parameters.
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I. INTRODUCTION Refs. 14 and 15. At the same time, no information about the
QB'’s between the Zeeman sublevels of the excitonic states in
Spin dynamics of carriers and excitons in the low-QD’s is available in the literature.

dimensional semiconductor heterostructures attracts nowa- Until recently, the reasons why observation of the spin
days a particular interest in view of potential feasibility of beats in QD’s are hampered were obscure. As a rule, the
the logic and computer memory elements based on the efibsence of the QB’s is associated with a great spread of the
fects of optical spin orientatioh.® The most promising, in Z€eman splittings in the inhomogeneous ensemble of QD's.
this respect, are the structures with quantum d@®’s) _In our opinion, however, there is one more, pe_rhaps not less
whose spin states are characterized by a high stabiline ~ important, reason related to the fact that QD's in most struc-
main drawback of such structures is a large inhomogeneouires are chaggsdéons circumstance was pointed out by
broadening of their energy states, resulting from a strongnany authors:®*"~**Even the presence of a single excess
spread of the QD parameters. The inhomogeneous broadefarge c71rast|cally complicates the excited-state fine
ing hampers getting information about spin-related structur§tructure’’ As a result, the polarized light excites several,
of the excitonic stateéfine structurg and makes impossible rather than only two, sublevels split by the magnetic field. In
analysis of the spin dynamics. The inhomogeneous broadefis case, the beats at different frequencies interfere and the
ing can be eliminated using the single QD spectroscopyscillations of the resulting signal virtually vanish, which
technique®’ This technique, however, provides information Was observed experimentalySo, observation of the QB's

about individual QD’s rather than about the ensemble as 8" the fine-structure Zeeman components is possible only in
whole. the ensemble of neutral QD’s.

An efficient way to determine the ensemble-averaged In this paper, we report on a study of_kinetics of resonance
fine-structure parameters is considered to be detection of tHiotoluminescencePL) of the InP QD's in a magnetic field.
quantum beat$QB’s) associated with interference between We have found that discharging the initially charged QD's by
the spin states. This method is attractive due to its ability ttn external electric field, indeed, gives rise to strong QB's.
detect small splittingsfractions of meV hidden within in- Polarization char_actenstlcs of th_ese beat_s dl_ffer from stan-
homogeneously broadened excitonic transitions. The quargiard characteristics of the beats in the excitonic Zeeman dou-
tum beats technique is widely used for studying the finePlet. The frequency of the beats was found to be dependent
structure and Zeeman splitting in quantum wells andon the mggnetlc-ﬁeld orientation. A theoretical analysis of
superlattice§ 13 the experimental data performed with the use of a model spin

One could expect that the QB technique may be also Sudjamllto_nlar_w has aIIo_wed us to identify the fine structure (_)f
cessfully applied to studies of QD’s. Indeed, there are severd€ excitonic states in the system under study, to determine
publications where the QB’s in QD’s were observed. gytthe longitudinal anq transverse components of the electronic
these observations were made only under specific exper@ factor, and to estimate the spread of the hpkector and
mental conditions. In particular, in the absence of the magelectron-hole exchange interaction parameters.
netic field, the beats between the exciton fine-structure states,
§p|it by the anisotropic exchange interaction, were obse_rved Il. EXPERIMENTAL DETAILS
in Ref. 16. Another example is the QB’s between the fine-
structure sublevels of the negatively charged exciton We studied a heterostructure with a single layer of the InP
(trion).1” Besides, the beats related to the free-electron spi@D’s sandwiched between the,liGa, P barrier layers. The
precession in a transverse magnetic field were detected sample was grown by the gas source molecular-beam epitaxy
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FIG. 1. (a) PL kinetics in the circular co-polarization for different biases applied to the top surface of the sample, indicated against each
curve.B=2 T,0=40° AEg;okes= 44.5 meV. The dashed line shows fitting of the smoothly varying background by furi@jianith the
parameters, =2.8 psyp. =456.6 ps.(b) Oscillating part of the PL signal normalized ltp(noisy curve and its fitting by formula1) (thick
gray ling. (c) PL spectrum of the QD’s. The arrows show the photon energies for the exciting and detected light spaced by the Stokes shift
AEgiokes GeOMetry of the experiment is shown schematically in the iideDependence of the beat amplituidg,;{0) on the biagopen
squarep and the fitting by the functiory=y{1—erff(U—-U,,)/(0.6AU)]} (solid line), where U,,=Uy—AU/2, Uy=—-0.2 V, AU
=0.22 V, and erf) is the error function. The values of the parametdgsand AU are taken from Ref. 17.

on ann® GaAs substrate. Details of the growth procedure ll. EXPERIMENTAL RESULTS

and samplg characterizjatipn are given i,nz Refs. 21-24. The As has been shown experimentally, the PL pulse shape in

areal d_enS|ty of the QD’s ',S "’_‘bOUt fem™ 2. The average 5 magnetic field is strongly affected by the applied bias. At

base diameter of the QD’s is-40 nm and the height is ;¢4 and positive bias, the shape is smooth while at negative

~5 nm. To control the charge of the QD's, the sample wag,jas the PL kinetics exhibits pronounced intensity oscilla-

provided with a semitransparent indium tin oxide Shottkytions as shown in Fig.(&). The oscillating part of the signal

contact on the top surface and an Ohmic contact on the othg[ __ can be determined by subtracting the smoothly varying

one. The thickness of the undoped epitaxial layers, to whiclhackgroundl ¢ from the total signal 5, and normalizing to

the electric voltage was applied, was about farB. Is: lpeat=(Ip.—1¢)/ls. The oscillations can be well ap-

In kinetic studies, the luminescence was excited by 3-pproximated by a simple equation,

pulses of a Ti:sapphire laser within the PL bajdasireso-

nant excitatioh as shown in Fig. (). The PL kinetics was Ibeatdt) = lpeatd 0)eXp( —t/7)COq wt), D

T e Lot o P2 U318 02571 S5 shoun 1 Fi. . Here 0. 0, and - are e
. : ) mplitude, frequency, and decay time of the oscillations, re-

measurements were made in a cryostat with a superconduc bectively

ing magnet in the fields up to 7 T. The design of the cryostafc' The ba.ckground can be approximated by the function

allowed us to excite the sample and to detect its emission

either along the magnetic-field directidgthe Faraday con- _ _ _ _

figuration or across the fieldthe Voight configuration The |s=lolexp(—t/7pr) —exp(~t/7,)]. 2

PL was detected in the backscattering geometry as shown ifhe parameters, and 7, characterize the PL rise and de-

the inset of Fig. 1. To study the beats at different angles cay times, respectively. The PL rise is related to relaxation of

between the growth axis of the structure and direction of the hot photogenerated carriers to the radiative energy level.

the magnetic field, the sample was rotated around the ver-This process was studied in detail in Ref. 23. The PL decay

tical axis. results from radiative recombination of the electron-hole
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pairs and nonradiative loss of the excitations. At negative
bias, the nonradiative loss is due to the hole tunneling pro-
cess as shown in Ref. 23. ]
The analysis of the experimental data has shown that the
oscillation frequency as well as the oscillation decay time do
not depend on the applied voltage. At the same time, the
oscillation amplitudel ,.,{0) rapidly increases with in-
creasing negative bias beginning frdg=—0.15 V, while
atUy<—0.5V the growth of the amplitude is saturafesge
Fig. 1(d)]. We attribute this behavior of the oscillations to ]
variations in the QD’s charge state. ——————————————7—————
The InP QD’s grown on th@-doped GaAs substrate are
known to be usually charged.The presence of the charges b)
is related to the fact that the lowest electronic level of the
QD's is positioned below the Fermi level of the doped sub-
strate. Application of a negative voltage to the top surface of
the sample removes the excess carriers from the dots and
thus renders them neutr®t?2 The magnitude of the voltage
at which most dots become neutral depends on the mean size
of the dots and equals, in the structure under stlitly,s
<-0.5 V.!" As seen from Fig. (), the oscillation ampli-
tude becomes the greatest exactly at this voltage. Such a 0 50 100 150
correlation between the beat amplitude and the charge state
of the QD’s allowed us to conclude that observation of the
QB's in a magnetic field is possible only for QD’s with no  FIG. 2. PL kinetics in different polarization@ndicated against
excess charge. The presence of a finite intedd| in which  each curve Symbols| andL denote the co- and cross-linear po-
the value ofl ., {0) increases, is likely to be caused by alarizations, respectivelyr* ando~ denote circular polarization of
spread of heights of the potential barriers in the QD’sthe right and left helicities, respectively. In the case of circular
ensembl&? polarization the first symbol denotes polarization of the excitation
We studied behavior of the oscillations in different experi-and the second the PL polarization. Experimental conditionsare
mental conditions. The results of the study have shown that 2 T» =40°, AE=45 meV, andUp;as=—0.75 V.
the oscillations are observed under excitation within or
above the PL band of the QD’s and under PL detection with To identify the nature of the oscillations, we studied the
the Stokes shiftSAEgokes UP t0 AEsiokes= 70 meV. The  effect of the magnetic-field strength and orientation on the
oscillationfrequencydoes not depend on the exciting photon shape of the oscillations. Figure 3 shows dependence of the
energy and slightly decreases with decreasing photon energgcillations on the magnetic-field strength. One can easily
of the detected PL. At the same time, the oscillataonpli-  see that an increase in the field is accompanied by an in-
tude essentially depends on the Stokes shift between the Ptrease in the frequency of the oscillations. Fitting the oscil-
and exciting light frequencies. The most intense oscillationdating part of the signal by Eq1) has allowed us to find that,
are observed at the Stokes Sh¥Eg;,.=45 meV, which in the range of 1-4 T, the oscillation frequency is directly
corresponds to the energy of the longitudinal opti¢a®)  proportional to the field strength as shown in Figh)3In the
phonons in the InP QD& All the data presented below are fields below 1 T, the period of the beats becomes longer than
obtained for this value of the Stokes shift. The spectral dethe decay time, and the oscillation frequency cannot be de-
pendence of the oscillation amplitude is discussed in detailermined.
elsewheré® The behavior of the oscillations versus the magnetic-field
Polarization characteristics of the oscillations appeared torientation is found to be highly unusual. In the Faraday
be rather curious. It was foungee Fig. 2 that the most configuration §=0°), typical for observation of the Zee-
intense oscillations were observed under circularly polarizednan splitting in low-dimensional structur&$!?%the oscilla-
excitation with detection of the PL in the same polarizationtions are totally absent both in the linear and circular polar-
(co-polarized PL Almost no oscillations were observed in izations. Deviation of the magnetic field from tleaxis is
the cross-polarized PL. Under the linearly polarized excita@ccompanied by appearance of the oscillatipsse Fig.
tion, the oscillations in kinetics of the linearly co- and cross-4(a)]. Within the range of the angles 28°9<60°, the os-
polarized PL have the same phase. Their frequency coincidesllation amplitude virtually does not depend on the angle,
with that in circular polarization, but their amplitude is sub- while at higherd, the amplitude substantially decreases. The
stantially smaller. It is noteworthy that the antiphase oscilla-oscillation frequency essentially increases with increasing
tions in the linear co- and cross- polarized PL, typical for theangle 6, i.e., with increasing transverse component of the
QB’s of split Zeeman sublevefs’’ were not observed in our magnetic field, as shown in Fig(i3).
experiments. Since the oscillations described above are observed only
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FIG. 3. (a) PL kinetics for different values of the magnetic field
(indicated against each cupvior §=60°. (b) Dependence of the
oscillation frequency(in energy units on the magnetic-field
strength for two different angle& The symbols are the experimen-
tal data and solid lines are the theoretical fits.
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in the presence of a magnetic field, it is naturally to ascribe
them to quantum beats between components of the excitonic
fine structure split by the magnetic field. For analysis of the
experimental data, we use the theoretical model of the exci-
tonic fine structure, presented in the next section.

IV. FINE-STRUCTURE MODEL
A. Spin Hamiltonian

We analyzed characteristics of the fine-structure compo-
nents using a theoretical model of the spin Hamiltonian of
the electron-hole pair in a magnetic field similar to that pre-
sented in Refs. 28—30. Within the framework of this model,
the Hamiltonian of spin states of the electron-hole pair in a
bulk material can be presented in the form

()

The first term,H., describes the Zeeman splitting of the
electronic states:

Hex=Het+Hp+He_y.

He:/-LBge, E Se,iBia (4)

1=X,Y,Z
where ug is the Bohr magnetory, is the electrorg factor,
andS, ; andB; are the Cartesian components of the electron
spin and magnetic field, respectively. The second téim,
in Eq. (3) describes Zeeman splitting of the hole states:

Ho=—pe > (ki +93,)B;, (5)

i=X,y,z
wherek andq are the Zeeman splitting constants ahd is
thei component of total angular momentum of the hole. The
last term in Eq.(3), He_p, describes exchange interaction
between the electron and hole spins:

— X (ad,;SeithJ ;S (6)

i=x,y,z

He—h

Here,a andb are the spin-spin coupling constants.

In the InP-type semiconductors, the ground excitonic state
is formed by an electron with the spBy=3 and a hole with
the total angular momenturd,= 3. The size quantization
along the growth axisz realized in the quasi-two-
dimensional systemguantum wells and superlattioas ac-
companied by splitting of the hole state into the light hole
(LH) (Jn,==3) and heavy holgHH) states §, ,= *3).
The value of the splitting substantially exceeds typical Zee-
man splittings in magnetic fields us&dThis allows one to
independently analyze the fine structure of the LH and HH
excitons. As a rule, in the low-dimensional structures, the
lowest energy state is that of the heavy hole. For this reason,
the analysis presented below is restricted to the fine structure
of the electron-HH pair or HH exciton.

The spin Hamiltonian of the HH exciton can be reduced
to the fairly simple form®

Hex=i:% , [ 48(FeiSei—On,iSh.i)Bi—CiSeiShil, (7)
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where, is the effective spin of the hole with the compo- absence of the magnetic field, the matrix of the HH-exciton
nents+ 3 corresponding to the componeds,= + 3, Je, , spin Hamiltonian is determined only by the exchange inter-
andgy, ; are the components of the electron and hplac- ~ action and can be represented in the form

tors, respectively, and; is the spin-spin coupling constant.

The relation of the quantitieg, ; andc; with the coefficients 5 61 O 0

k, g, a, andb [see Eqgs(5) and(6)] is given by the formulas: 16, 8, o© 0

He—h:_ ’ (8)

Oh,,= —3K,—270,/4; Onhx=30x/2; Qny=30,/2; 210 0 -8 o

C,=—3a,~27h,/4; c,=3bJ2; c,=3b,/2. 0 0 & —d

In the framework of the model under consideration, thewhere &,=—c,/4, 6&;=—(cxtcy)/4, and &=—(c
eigenstates of the excitonic fine structure are characterizedc,)/4.

by projections of the total angular momentum of the exciton The matrix of the Zeeman part of the Hamiltonian can be
J= S+ Jy, upon the quantization axis. Accordingly, the statessimplified by assuming axial symmetry of tigefactor. Note

of the HH exciton{¢;} can be denoted ast1), |[-1), that, for the shape of the QD’s under study, the value of the
|+2), and|—2). In conformity with the selection rules, the g factor is controlled mainly by confinement along the
optical transitions into the states with=*1 are allowed. growth axis. For this reason, asymmetry of the confinement
The transitions into the states with=*2 are totally for- in the plane of the QD’s should not noticeably affect the
bidden. The set of the stat¢g;} specifies a basis of matrix Zeeman splitting. For axial symmetry, the Zeeman part of the
representation of the HH-exciton spin Hamiltonian. In theHamiltonian has the form

—(Qe 2t 0On ,)COSH 0 JexSINO OnhxSiné
He+Hh:HZeeman:@ 0. (Qe .t ghjz)cose OhxSiné JexSINO ©
2 JexSING ghxSing (Je,z— On,,)COSH 0 ’
OhxSiné Oe xSING 0 —(Ye,z—9h,2)COSH

where 6 is the angle between theaxis and direction of the wgB 5 , s
magnetic fieldB. In Eq. (9), we used the coordinate system Ei234 iT[gh,zC059i(9e,zC0§0+ 9o xSin*6) 7]
in which B,=Bsing,B,=0,B,=B cosé. (10)
The Hamiltonian matriceg8) and (9) contain a large
number of uncertain parameters: three components of the ) o
exchange splittingd,, 1 » two components of the electran The sign “'— ” inside the bracket; co“rr?sponds to the ;tates
factor, ge , andge ¢, and two components of the hogefac- with e_nerg|es£1 andE, and the sign “ " to the states with
tor, gn . andgy . To reduce the number of independent pa_energ|esE3 and E“' . . .
rameters, we use several approximations based on our ex- Thg expressions for the wave functions obtained in an
perimental data. explicit analytical form are too cumbersome to be presented
It was noted abovésee Fig. 3 and comments thergihat here.
the beat frequency is proportional to the magnetic-field
strength. This may occur only when the Zeeman splitting, in
the range of the magnetic field employed, substantially ex-

ceeds the exchange one. Therefore we can neglect the ex- B_efore using the_ EXpressions obtained in the previous sub-
o . Section for theoretical analysis of the experimental results,
change splitting assuming th&g ; ,=0.

7 2 . o we have to determine what particular states of the excitonic
We can additionally simplify the spin Hamiltonian by as- b

. . : fine structure are responsible for the observed beats. There
suming a strong anisotropy of the h@dactor in the system are two types of beats that can be observed in the states of
under studygy, ;> x- This approximation is used by most 4a HH exciton split by the magnetic fietd:
authprs who analyze Zeeman splitting_of exciton spins in (i) The beats between sublevels of the optically active
semiconductor heterostructurés® Thus, in the analysis of goublet, which are revealed as antiphase oscillations of the
the beat frequency, we assume that=0. PL intensity in the linear co- and cross polarizations;

In the framework of the above approximations, the (i) The beats between the bright and dark sublevels
Hamiltonian matrice¢8) and(9) contain only three free pa- mixed by transverse component of the magnetic field.
rametersge ;, Jex, andgy ,. The energies of the Zeeman  We start the discussion with the beats of the second type
components can now be calculated analytically: because the beats in our experiments were observed only in

B. Quantum beats and fine structure
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tilted magnetic fields, i.e., in the presence of the transverse 2. Splitting of the bright doublet

component of the fieldsee Sec. I)l. The experimental fact of absence of the beats between the

bright doublet components in a longitudinal magnetic field
1. Beats between the bright and dark sublevels (see Sec. Il needs to be specially discussed. It immediately
The transverse component of the magnetic field mixedollows from the spin Hamiltoniari8) that the longitudinal
states with different projections of the angular momentummagnetic field splits the optically active doublel, € =1)
which makes transitions into optically inactivdark) states into two components; and E;, with the splitting deter-
partially allowed. In QD’s, this effect was observed in Ref. mined by the longitudinal component of the excipfactor,
28. As follows from the Zeeman Hamiltonian mat(®), the ~ 9:=Je T 9n.: AE=ugBg,. The coherent excitation of the
stateg, is mixed with the states, and the state, with ¢,,. split states with the linearly polarized light should give rise
As a result, the circularly polarized light will simultaneously to quantum beats in the polarized PL at a frequency»of
excite two components of the fine structure. In the absence of SE/%i. Such beats are easily observed in the experiments
the spin relaxation, polarization of the PL from these com-with the GaAs quantum welf®
ponents will reproduce polarization of excitation, and the PL  The main reason for the absence of the beats in our case
intensity will oscillate with the frequency determined by the is, most likely, a large spread of the splittings of the bright
energy difference between these components. Thus under tAgublet in the QD’s ensemble. The spread may be predomi-
o polarized excitation the beats between the stateand  nantly caused by the spread of the longitudinal components
@3 will show up, while under ther~ polarized excitations, Of the excitonicg factor. Indeed, according to the experimen-
the beats between the states and ¢,. In both cases, the tal data for single InP QD’s obtained in Ref. 7, the spread of
beats should appear in the co-polarized PL. the longitudinalg factor is very large and makes upg,
The circular cross-polarized PL may appear only after the= +0.5.
excitonic spin-flip process occufsSince the spin flip com- A result of the spread of the splittings should be destruc-
pletely destroys the spin coherence, the beats of the abog®ye interference between the beat signals from different
type cannot be observed in the cross-polarized PL. QD’s. At small spread, such an interference leads to accel-
The whole set of the features mentioned abtitie pres-  eration of decay of the beat sigr{akversible dephasing” If
ence of the beats in the circular co-polarized PL, their abthe spread substantially exceeds the mean value of the split-
sence in the cross-polarized PL, and the necessity of théng, the beats cannot be observed and the degree of polar-
transverse component of the magnetic fietdpresent in the ization of the PL decays smoothly in time. For the Gaussian
beats we observe@ee Sec. ). Thus we can conclude that spread of the splittings, the spread of the beat frequedeies
these beats are really related to the interference between ti@d the decay time are connected by a simple relationship:
bright and dark states. The frequency of the beats is detedw=2/7. In our experiments, we indeed observed the
mined, in this case, by the energy difference between theémooth decay of the degree of linear polarization in the lon-
relevant Zeeman components, i.e., by the quantity gitudinal magnetic field. The decay time in the fieRl
=1.5 T makes up approximately 20 ps, which corresponds
_ _ 2 2 o 112 to the spread\g,~0.7. This value is comparable with the
ho=E;—E3=ugB(g; oS 0+gz,sifo)%  (11) one givepn in Rgfz. 7. The absence of the bgats means that the
mean value 0§, , in our sample, is significantly smaller than

Equation(11) contains only longitudinage , and transverse o spread, i.e{g,)<0.7
, i.e{g, 7.

Je x COmponents of the electranfactor. Partial contributions Thus, due to the large spread of the excitapiactor, the

of the components depend on the tilt angleThis makes it peats hetween the Zeeman components of the bright doublet
possible to unambiguously determine these components frofiye ot observed. At the same time, this spread does not
the experimental data. For comparison with the experimentyrayent from observing the beats between the dark and bright
we calculated dependences of the QB's frequencies, obiiates, described in the previous section. This apparent para-
served in ther” polarization, on the anglé, and magnetic- 4o can be easily explained with allowance for the fact that
field strength. The calculations were made using expressiogq splitting between the dark and bright components is con-
(11), with the quantitiege, , andge  regarded as fitting pa-  {rolied by the electromy factor only[see Eq(11)], whereas
rameters. The results of the comparison of the theory anghe gpjitting of the bright doublet is determined by the sum of
experiment are shown in Figs(t8 and 4b). As is seen, one  the electron and holg factors. Hence it follows that the
set of the parameterg{ ,=0.53 andge ,=1.43) allows us  gpread of the electrog factor in the QD’s under study is
to describe well all the experimental dependences. rather small and the main contribution to the spread of the
An attempt to refine the model with allowance for the gycitonic g factor is made by the holg factor. The reason

isotropic component of the exchange splittidg has not o such a large spread of the hadactors calls for further
been successful. It was found that introducing the eXChangi‘?]vestigation.

coupling 5,=<30 ueV practically did not affect the results of
the calculations. At greatef,, the agreement between the
calculated and experimental dependences was rapidly wors-
ening. Based on these facts, we concluded that the exchange The calculations fulfilled in the framework of the spin-
coupling energy in the structure under study does not excedgdamiltonian model has allowed us to determine not only the
30 ueV. frequencies but also the whole shape of oscillations of the

C. Oscillation amplitude
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polarized PL in the magnetic field. To describe the shape of
the oscillations, we calculated the time-dependent matrix el- T B=4T
ements of optical transitions from the relevant states of the 7
fine strugture. ' . _ o _ 1 A 6=60°

The eigenfunctions of the spin-Hamiltonian in a magnetic 7 /\ NNAA A~
field of arbitrary orientation are linear combinations of the 1 WV N
basis functiong¢;}={|+1), |- 1), |+2), and|—2)}:

o

6=55

(arb. units)

4
lﬂi:jzl aj ;- (12

beats

The expansion coefficient; can be found by solving the
stationary Schidinger equation with Hamiltonia8) and

(9). The coherent pulsed excitation creates, at the initial mo-
ment, a linear superposition of the staigs whose subse-
guent evolution is described by the equation

I

4 T T T T T 1
W(t)= >, Coiexp—iEt/h) ;. (13) 0 50 100 150
=1 time (ps)
Here, Cy; are the time-independent coefficients whose val-
ues are determlned.by the mmal_condmons of excitation. o_ 5 The noisy curves are the experiment and the thick gray
In accordance with the selection rules for optical transi-; :
. " . . : . ines are the calculations.
tions, thes™ polarized light excites each of the eigenstates

¢i in proportion with the admixture of the basis function generated electron-hole pairs to the radiative energy vel.

|+1). The mixing is determined by the coefficierats with | addition, Eq.(16) contains a phenomenological exponen-

j=11in Eq.(12), so that the relationshify; =&} is fulfilled.  tal factor that takes into account the decay of the beats.
The PL intensity in ther ™ polarizationl , is proportional  Equation(16) allows us to determine the Zeeman splittings

FIG. 5. Quantum beats in the InP QD’s in a magnetic field of

to the matrix element of the optical transition squared: E,— E, and decay constant from the experimental data.
~ Analyzing our experimental data, we have found that the
Lo [(W(t)[d[0)]7, (14 peat decay rate t/depends on orientation of the magnetic

field. An increase in the angle, i.e., a growth of the trans-
verse componerB, , is accompanied by an increase in the
beat decay rate. This effect is most likely to be related to the
presence of a small transverse comporggnt of the holeg
factor. As follows from the spin Hamiltonia(®), the trans-
verse component of the magnetic field, at a nonzgQ,

4 4 E—E, admixes each bright state to the both dark states, rather than
|+:z |ai1|4+22 |ai1|2|ak1|2c05< Iﬁ t). (15) only to one of the_m. As a result, the beats arise at several

i i<k frequencies. The interference of these beats is revealed as a
fdecay of the main harmonic. Since the value of the admix-
dure is proportional to the square of the transverse component
of the magnetic field, this effect should be observed only at

rge angle9.

Figure 5 shows an example of comparison of the experi-
mental data with the results of calculations for the angles
<60° and magnetic field3=4 T. The calculations were
made using formuld16) with allowance for an additional
mixing of the states due to nonzegg . The valuegy, , was
used in the calculations as one more fitting parameter. It has

whered is the dipole moment operator af@) is the ground

state of the system. From Eq4.3) and(14) and the expres-
sion for the coefficient€,; given above, we obtain the fol-
lowing expression for the PL signdto within a constant
facton:

The first sum in Eq(15) describes the smooth component o
the signall5. It does not contain any time dependence sinc
the model we use does not take into account relaxation pr
cesses. The oscillating part of the signal is described by th
second sum in Eq15). In the framework of the above ap-
proximations, the only nonzero coefficients in this term, for
the o™ polarized excitation, ara; ; andas ;.

Thus the expression for the beats intensify, s (see defi-
nition in Sec. Il) can be reduced to the form

4 E—E been found that the best agreement with the experiment is
2RY, |ai1|2|ak1|2c;os( ' z Kt achieved agy, ,=0.1. It is important that all the experimen-
_ i<k tal data obtained in the whole range of the magnetic-field
lpeats= exp(—t/7).

4 . strengths and for the anglés<60° can be well fitted using
Z |aja one set of the parameterge ,=0.53, g, x=1.43, R=0.8,
' and 7=40 ps. It should be emphasized that the estimated
(16) .

value of thex component of the holg factor gy, , is small
The amplitude factoR is introduced to take into account the with respect to the electrog factor. Therefore this compo-
loss of coherence in the process of relaxation of the photorent virtually does not affect the beat frequency.
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A good agreement it is worth noting between the calcula-electronicg factor in the bulk InB’ Therefore we have to
tions and experimental data in spite of a limited number ofadmit strong suppression of the longitudinal component of
parameters. A certain discrepancy between the calculatiorthe electrong factor in the InP QD’s.
and experiments is observed only at the initial moment One more curious fact is that the exchange splitting in the
(<10 ps). This is probably related to the error of modelingstructure under study is rather smaih<30 peV. Our esti-
of the smooth background upon extracting the beats from themate of 5, strongly differs from the valueS,~100 peV
total signal®* found experimentally for the negatively charged exciton,

It is surprising that the valu® is rather large. It means trion, at the same QD). Such a strong difference between
that about 80% of the coherence produced by the excitatiothe exchange coupling in trion and in neutral exciton calls
is conserved after relaxation of the electron-hole pair to théor special theoretical analysis.
radiative energy level. In this respect, the situation in the
structure with quantum dots under study essentially differs V. CONCLUSIONS
from that in quantum wells, where, according to Ref. 13, the
energy relaxation by more than 20 meV is accompanied b

complete loss of the hole spin orientation. In our case, it i : .
P P In the InP quantum dots. This proved to be possible after

probably highly important that the relaxation occurs with emoval of excess charges upon application of negative elec-
emission of an LO phonon, and such a process is very fasé 9 P PP 9

The relaxation with emission of acoustic phonons conserve ic bias 1o the top su_rf_ace of _the _sample. It was _found that
e beats show specific polarization characteristics and de-

a much smaller fraction of the cohererfée. . .. o ; .
)end in a nontrivial way on the magnetic-field orientation.

The above set of the parameters makes it possible to a nalysis of the experimental data within the framework of
equately describe the shape of the oscillating signal at the ti Ewe spin-Hamiltonian model has allowed us to consistently

angles up tof=60°. At larger angles, the oscillation ampli- explain the observed phenomena and to quantitatively de-
tude sharply decreasesee Sec. I)land, to obtain agreement scribe the shape of the quantum beats signal. As a result, we

with the experiment, one has to significantly change the AN ave determined the values of the transverse and longitudinal
plitude factorR. The reason for this effect invites further _ 9
studies. components of thPT electrog factor (g, ,=0.53 and_ge,X

The proposed theory, as a whole, describes adequately th_e1'43) and estimated the exchange coupling (

behavior of the beat amplitudes and frequencies at dif“ferenf30 ueV). Based on the analysis of th? experimental data,
e came to the conclusion about a considerable spread of the

values and orientations of the magnetic field. At the sam | factor (Ad.~0.7 d about | f th
time, a few questions remain open, calling for further re- ole g factor (Agy~0.7) and about nonzero value of the

search. First of all, the great difference between componemt§ansverse componengyx~0.1) of the holeg factor.
of the electrong factor, (@e x—Je ) =~0.9, is fairly unusual.
This value in quasi-two-dimensional heterostructures lies, as
a rule, in the range of 0.1-0%23° On the other hand, the ~ The authors wish to thank Professor V. Zapasskii, Dr. G.
valueg, x we obtained practically coincides with that of the Kozlov, and Dr. K. Kavokin for a fruitful discussion.

In this study, we observed quantum beats between Zee-
an components of the fine structure of electron-hole pairs
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