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We report on efficient resonant spin-flip Raman scattering due to localized heavy-hole 
excitons in single submonolayer InAs insertions in a GaAs matrix. Exciton, heavy-hole 
and electron g factors are directly measured for samples with different average 
thicknesses of InAs. The large size uniformity of the InAs islands manifests itself in very 
narrow heavy- and light-hole exciton photoluminescence peaks which also allow us to 
measure exciton g factors by magneto-luminescence spectroscopy. 
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INTRODUCTION 

Investigations of spin-flip Raman scattering (SFRS) 
in GaAs/AlGaAs [l-3] and in CdMnTefCdMgTe [4] 
multiple quantum wells provide useful information on the 
problems of exchange interaction and localization of two- 
dimensional excitons. The g factors of localiied two- 
dimensional excitons and acceptor-bound heavy- and light- 
holes have been found. Experiments carried out in a tilted 
magnetic field led the authors of Ref. [3] to determine the 
anisotropy of the heavy-hole g factor and to measure 
independently the electron g factor. Exciton localization 
was shown to be crucial for the observation of SFRS [l-3]. 

Contrary to the one- and two-dimensional cases, 
complete exciton localization can be achieved in zero- 
dimensional systems. Attractive candidates for studies of 
SFRS in such quantum dots are structures with monolayer- 
(ML) and submonolayer InAs insertions in a GaAs matrix. 
Recently, equilibrium arrays of strained islands with equal 
size were shown to exist [5-81. It has been demonstrated 
by using optical methods [6], and imaged directly in 
scanning tunneling microscopy studies [7], that the 
deposition of a small fraction of an InAs monolayer on 
(OOl)-oriented or vicinal GaAs surfaces results in 
spontaneous formation of InAs islands with a height of one 
monolayer and a uniform width of about 40A. These 
islands are elongated in the [i lo] direction and their 
length-to-width ratio changes from -2 to -4 for 
submonolayer structures with average InAs layer 
thicknesses of I/6ML and 1/3ML, respectively. It is 

important to note that the average island separation for, 
e.g., l/6 ML InAs is close to -2OOA, hence, larger than the 
GaAs exciton Bohr radius [9]. Thus, the InAs islands may 
be considered as uncoupled quantum dots in view of the 
lateral sizes involved. Another approach is to treat the 
submonolayer structures as systems of weakly bound bulk- 
like excitons. Recent studies of the photoluminescence 
(PL) spectra of InAs excitons associated with heavy (I-III) 
and light (LI-I) hole states have demonstrated large exciton 
oscillator strengths [lo] and exciton binding energies [ 1 l] 
even for diluted InAs coverage, thereby supporting the 
quantum dot model. 

In this paper we investigate the spin splittings of 
excitons in InAs/GaAs structures with average InAs layer 
thicknesses of 1, l/3, l/6 and 1112ML. Raman lines 
observed under resonant excitation are interpreted as the 
flip of the angular momentum of a localized HI-I exciton 
which is an intermediate state in the scattering process. The 
Raman shift is equal to the magnetic splitting of the 
exciton and is proportional to the component of its g factor 
along the direction of an applied magnetic field. The 
longitudinal components of HH and LH exciton g factors 
are determined. A variation of these values with the average 
InAs layer thickness is observed. The anisotropy of the 
exciton g factor causes a strong dependence of the spin-flip 
Raman shift on the angle between the direction of the 
magnetic field and the growth axes of the structure. 
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EXPERIMENTAL 

Samples with average InAs thicknesses of 1, 113, 
l/6 and 1/12ML were grown by conventional solid source 
molecular-beam epitaxy on (OOl)-oriented GaAs semi- 
insulating substrates. Each sample contains one InAs layer 
confined between 20008, of GaAs. This structure is 
surrounded by 6-periods of a (25h25A) 
GaAs/Ab,&,-,$s superlattice grown in order to trap 
impurities, to prevent surface recombination and to avoid 
surface-related electric fields. The growth rate was 
calibrated by the reflection high-energy electron difiaction 
technique and was equal to O.lML/s for InAs and to lML/s 
for GaAs. The background impurity concentration (mainly 
carbon) was below 1014 cm-J, as it is manifested by the 
high mobility of two-dimensional electrons (around 
lo6 cm?(Vs) at 4K) in modulation doped GaAs/AlGaAs 
structures grown under similar conditions. The procedure 
for the growth of InAs monolayer and submonolayer 
structures is discussed in detail in Refs. [6-8, lo]. 

The samples were mounted in an optical exchange- 
gas He-cryostat at a temperature of 5K. The SFRS 
experiments were carried out in magnetic fields ( B ) up to 
14 T. A tunable Ti-sapphire laser pumped by an Ar+-ion 
laser was used for PL and SFRS excitation . The pumping 
power was kept well below 0.1 W/cm2 to avoid heating of 
the sample with the incident light and to improve the ratio 
between the Raman signal and the PL background. The PL 
and scattered light were analyzed by a SPEX 1404 double 
monochromator equipped with a cooled GaAs 
photomultiplier. The propagation direction of incident and 
scattered light was parallel to the magnetic field. Both, 
circularly and linearly polarized light was used for Raman 
and PL excitation and signal detection. 

To describe the circular polarization of SFRS 

spectra we use the notation Z( 0 ‘7,&)twhereZand.?! 
correspond to the propagation direction of incident and 
scattered light, respectively. The circular polarizations of 

the exciting (a’]) and scattered (2) photons are denoted 

by tbh = f , respectively. The sign of tl, 1 is determined 
by the projection of the photon angular momentum on the 
Z direction. 

RESULTS 

The PL spectra of the four samples used for the 
spin-splitting measurements are dominated by the InAs 
associated HH and LH exciton luminescence. InAs 
submonolayer insertions result in remarkably narrow 
exciton lines at energies between the values expected for a 
uniform 1ML InAs layer and the GaAs free exciton. The 
HH exciton energy is shifted to lower energies with respect 
to the position expected for a uniform lML-thick InGaAs 
layer with the same average In composition [lo,1 11. The 
optical orientation of the electron spin [12] in HH and LH 
excitons at B=O enables us to determine unambiguously the 
symmetry of the hole states associated with them . The 
energy and the full width at half maximum (FWHh4) of HH 
and LH exciton lines, already studied in [ 10,111, are 
presented in Table 1. In each sample PL features associated 
with the GaAs matrix are observed near the direct band 

gap. 

Figure l(a) shows the PL spectrum of the 1/6ML 
sample excited with a photon energy above the GaAs band 
gap in a magnetic field of B=IOT directed perpendicular to 
the structure plane. In the magnetic field HH and LH 
exciton lines are split into two components with opposite 
circular polarization. The respective polarization is 

indicated on the figure with symbols a+ and 6. The peak 
separation (dE) increases directly proportional to the 
magnetic field. 

B= IOT 

ENERGY (eV) 

0 2 4 6 8 10 12 14 

MAGNETIC FIELD (T) 

Fig.1 a) Photoluminescence spectrum of the 1/6ML 

InAs/GaAs sample in Z(o+,cr-+ O+)y configuration at 
B=lOT and T= 4K taken at an excitation energy of 1.65 
eV. The labels HH and LH indicate heavy-hole and light- 
hols excitons associated with the InAs insertion. The 
features at 1.521 eV are related to band gap luminescence 

from the bulk GaAs matrix. The labels O+ and D- indicate 
the principal polarization of the magnetic field-split exciton 
peaks. 

b) Energy of magnetic field-split HH and LH 

exciton peaks with Q+ and b polarization vs. magnetic 
field. The lines result from the fit to Eq.(l) with the 
parameters listed in TabIe 1. 
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Exciton localization energies derived from the 
dependence of the PL intensity on temperature are found to 
be several meV larger than the exciton FWHM. Detailed 
studies of the exciton localization in InAs/GaAs 
submonolayer structures are in progress. 

Besides the paramagnetic splitting, the HH and LH 
exciton levels are also subject to a strong diamagnetic 
shift. Their peak positions (E) vs. B are shown in Fig. l(b) 

for the 116ML sample. The diamagnetic shift (Ecar) 
increases nonlinearly with B when the field is weaker 
than approximately 4T and linearly above 4T. The 
experimentally observed diamagnetic shift Eh ( Eb = 
=E(B)-E(0) ) of HH and LH excitons in the range of 
magnetic fields from 0 to 14T can be approximated by the 
expression: 

2.0 

a) EX 

B= 14T 

\ 

cp=o 

laser 

i 

cp = 60” 

laser 

B= 14T i 
I I I 

1.5 1.0 0.5 

Raman shift (meV) 

Fig.2 Raman spectra of the 1/3ML InA&aAs sample 

in Z(C+,CJ-)?? configuration at B=14T and T= 4K. The 

spectra were taken under resonant excitation of the & 
component of the HH exciton. 

a) For angle between the magnetic field and the 
sample growth direction of cp= 0. 

b) The same for cp= 60”. 
The peaks marked as m, H and E correspond to resonant 
SFRS between HH exciton states split in a magnetic field. 

E(B)= E, + p&,3. jl +(B /B,)* (I) 

with the adjustable phenomenological parameters m*/m, , 
E, and B, listed in Table 1. The term describing the 
paramagnetic splitting is ignored in Eq. (1). The strong- 
field limit of this equation gives Ed” - B, while Eb - B* 
in the weak-field limit. The parameter B, gives a 
characteristic field which corresponds to the boundary 
between weak- and strong-field regimes. The parameter 
B, decreases while m*/m,, increases with an increase in 
thickness of the InAs insertion. The values of B, and 
m*/ma for the 1/12ML sample tend to the same bulk GaAs 
parameters as determined in Ref. [ 131 from DOX-associated 
magneto-luminescence spectra. 

For excitation in resonance with the HH exciton 
peak we observe narrow Stokes and anti-Stokes Raman 
lines. We confirmed that they follow the laser excitation 
energy when it is changed within the FWHM of the PL 
peak. Figure 2(a) shows a typical Stokes line, marked with 
the symbol m, in the Raman spectrum for the 1/3ML 
sample measured at B=14T. These lines are strongly 
circularly polarized with the scattering efficiency of Stokes 
(anti-Stokes) processes being significant only in 

crossed Z( a’, CJ-)F ( Z( 6,O’)if ) configuration 

when the energy of the exciting light coincides with the O+ 

7 , 

a) 

I I I I 
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b) 
E 
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E4 
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Fig.3 a) Raman shifts Aex, Ah and Ae of the EX, Hand 

E lines, respectively, vs. angle between the magnetic field 
and the sample growth direction for the 1/3ML 
In4s/GaAs sample at B=14T. The lines represent fits with 

Ah<(p)= Ah(o)coscp, Ae = Const and Aex(cp)= Ab((p) + Ae. 
b) Simplified scheme of SFRS processes in 

resonance with the El, E2, E, and E4 exciton states split 
in a magnetic field. 
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( 6) component of the HH exciton transition. They are 

absent in parallel , z(o+ o+p or Z(Cr,o-)Z 

contigurations. The Raman shifts (A=) of these lines are 
directly proportional to the magnetic field and coincide with 
the splitting dE determined from the PL measurements. 

The Raman shift Aex depends on the angle (cp) 
between the direction of the magnetic field and 2. Figure 

3(a) shows A~x vs. coscp for B=14T. We find that Aex 
varies linearly with coscp. 

In a tilted magnetic field two new Raman lines 

appear with Stokes shifts less than A~x The Raman 

spectrum for (p=60” is shown in Fig.2(b), where these new 

peaks are indicated with the symbols E and H. Line H, 
observed only in crossed configurations, reveals the same 
polarization features as the line m Line E is detected in 
both, crossed and parallel configurations. While line E is 
most pronounced in parallel polarizations for small cp, it 

shows up more strongly in the crossed ones as cp increases. 

The intensity ratio I(o+, a’) /I(cr+, a) of this line is 

approximately equal to 1 for (p=60”. 
Figure 3(a) displays the Raman shifts of the lines H 

and E, Ah and Ae, respectively, as a function of coscp. 

Ah is well described by a cosine function: Ah(v)= 
=Ah(O)coscp. be does not depend on the angle cp 

and is equal to Ae = A= - Ah within the experimental 

accuracy. No in-plane anisotropy of A=, Ah and Ae is 
observed. 

DISCUSSION 

We interpret the observed splitting dE in the 
circularly polarized PL spectra as the magnetic splitting of 
dipole-allowed localized HH and LH exciton levels. In turn, 
the Raman lines Ex, H, and E result from the double 
resonant acoustic-phonon scattering with energies which 
are equal to the Zeeman splittings of the HH exciton. 

We shall first describe the energy levels of HH and 
LH exciton states for an applied magnetic field parallel to 
Z. The states 1 s , j >, where s= f112 is the spin of the 
electron, and j= f3/2 (j= +1/2) are the quasi-angular 
momentum indices of holes in HI-I @I) excitons, 
respectively, are expected to be approximate exciton 
eigenstates for an applied field, which is supposed to be 
strong enough to break up the exchange interaction. In this 
case the exchange splitting of the fourfold degenerate 
exciton levels at B=O ( due to spin-dependent electron-hole 
exchange ) is small compared to Zeeman splittings and can 

be disregarded here. The states with s+j = fl are optically 

allowed, giving purely & polarized transitions, and others 
are forbidden. The energies of four LH and four HH 
exciton states are: 

LH: 
1s , j > forcp=O 

E4 = -l/2@’ + ge )ucB 1-l/2, - l/2> (0-) 

E, = - l/2@’ - ge )u,,B 1+1/2, -l/2> 

Ez = 1/2(slh-ge)u0B j-1/2,+1/2> 

El = l/2($ +ge)yc,B 1+1/2,+1/2> (o+ ) 

Table 1. Parameters of InAs-related HH and LH excitons for four samples with 
different average thicknesses of the InAs insertion. Peak positions of HH and LH 
excitons are given for B=O. The phenomenological parameters m*/m, , E, and B, are 

used for the calculation of the experimentally observed diamagnetic shift according to 
Eq.(l). The g factors labeled with (*) are measured by SFRS and PL, the others by 
PL only. 

HH exciton (eV) 

1112h4L 1/6ML 113ML 1ML 

1.5123 1.5089 1.5004 1.464 
LH exciton <,Vj 
FWHMofHH 
exciton (meV) 
E. (eV> fm 

LH 
m*/mo HH 

LH 

Ho V) HH 
LH 

ge” HH 
LH 

se 

41hh 
gP 

1.5141 1.5131 1.5106 

0.8 
1.5061 
1.5101 
0.078 
0.078 
3.77 
4.05 
1.4 (*) 

-1.0 
-0.40 (*) 

1.0 (*) 

- 0 (‘) 

2 
1.4986 

0.087 

2.70 

1.8 (*) 
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HH: 

El = 1/2@h-ge)pcB ]-l/2,+3/2> (o+ ) 

E2 = 1/2(ghh + ge )poB ]+1/2,+3/2> 

E, = -1/2Q+h + ge )ucB (-l/2, -3/2> 

E4 = -1/2(ghh - ge )poB ]+1/2, -3/2> ( 6) 

The parameters g” , ghh and &h are the components of 
the electron, the heavy- and the light-hole g factor tensors 

along the field direction, and p, is the Bohr magneton. 
Optical transitions to El and E, are optically allowed 
while E, and E3 are forbidden. The separation between 

the B+ - and b -circularly polarized components of the 
exciton PL spectra ( Fig.l(a)) is equal to dE= El- E, = 

=geXl.+,B, where gex is the exciton g factor equal to 

ghh-ge (glh +ge) for HH (LH) excitons, respectively. 
From the PL spectra we estimate the localized 

exciton g factors for the samples with l/3, l/6 and 1/12ML 
InAs content. The sign of the HH and LH exciton g factors 
is determined by the polarization of the PL lines. The 
corresponding data are listed in the Table 1. 

In analogy to Refs. [1,3] we assume that spin-flip 
Raman lines observed under resonant excitation result 
from a HH exciton angular momentum flip. It was shown 
that such SFRS can be described as a result of three virtual 
transitions: 

1. A HI-I exciton ground state ]-l/2,+3/2> (1+1/2, -3/2>) 

is excited by absorbtion of the cr+ (a-) polarized light. 
2. An inversion of electron and hole spins in the exciton 
takes place via an interaction with acoustic phonons. 
3. The exciton recombines with the emission of a scattered 
photon which is polarized oppositely to the polarization of 

the exciting photon. The Raman shift Aex is equal to the 
paramagnetic splitting of the exciton and reflects the 

component of its g factor along the field direction: A~x = 

=Vx cloBI. 
This SFRS process is accompanied by the emission 

or absorption of an acoustic phonon [ 1,3]. This is allowed 
if the exciton localization is strong enough for the 
relaxation of the crystal-momentum conservation condition. 
The high purity of the structures makes rather unlikely 
impurity-related mechanisms of SFRS, discussed in detail in 

Refs. [1,3], and additionally underlines the importance of 
strong exciton localization in the Raman process studied. 

The longitudinal components of the HH exciton g 
factor for the 1, l/3 and 1/6ML samples measured by SFRS 
are presented in Table 1. The FWHM of the exciton SFRS 

line (&A=) is equal to 0.2 meV at B=l4T, which is 

noticeably wider than the spectral slit-width. GAeX 
increases with increasing B, so that the ratio GAWAex is 
approximately independent of the magnetic field and is 
equal to -0.1. This inhomogeneous broadening of the 
exciton SFRS line reflects the spread of the exciton g factor 

in our samples: GAevAex = 6 gT g=x 
A tilted magnetic field mixes the spin states s= +I/2 

and s= -l/2 of an electron in an exciton. Thus, all four HH 
exciton states become optically allowed for backscattering 
along the z direction and the resonant transitions between 
them can be detected. We conjecture that the lines H and E 
in Fig.Z(b) correspond to doubly resonant acoustic-phonon 
scattering with energies equal to the Zeeman 

splittings of the heavy-hole (Ah) and electron (Ae) states 
in the HH exciton. These splittings are determined as 

follows: Ah= @@3J and A% j&1J3/. The longitudinal 
component ( gjlhh ) of the heavy-hole g factor increases 
with an increasing InAs content. The values of glhh for the 

1 1, l/3 and 1/6ML samples are listed in Tab e 1. The 
positive sign of the HI-I exciton and hole g factors is 
determined by the polarization of the corresponding SFRS 

and PL lines. The angular dependence Ah(cp) in Fig.3 
shows that the transverse g factor ( glhh ) of the heavy- 
hole is negligibly small, as it should be for a state with an 

angular momentum projection of j= +33/2 along the 
quantization axis. This anisotropy in the hole g factor is 
closely related to the splitting of HH and LH states which in 
our samples is caused by both confinement and strain due 
to lattice constant mismatch. In the case of InAs 

islands having one monolayer (3A) height and * 40A 
width both effects are the strongest along the gravth 
direction. 

The contributions of both, anisotropic in-plane 
confinement and lateral strain are much weaker due to the 
essentially two-dimensional shape of the islands (their 
height is much smaller than the lateral size). Moreover, 
these effects act in the opposite directions and could 
partially compensate each other. This would explain why no 
in-plane anisotropy of the hole g factors was observed. 

According to the selection rules for optical 
transitions the electron line E should be observed only in 

(c? , 2) configuration. The fact that it is also detected 

in crossed configurations indicates that admixture of the 

heavy-hole (j= f3/2) and light-hole (j= *l/2) wave 
functions takes place. Considering that there is no deviation 
of the angular dependence of the heavy-hole g factor from a 
cosine function, we conclude what this admixture is 
relatively small. 

The negative sign of the electron g factor 
corresponds to the experimental observation of larger 

splittings for excitons than heavy-holes: AeX>Ah. The 
electron g factor ge for the 1, l/3 and 1/6ML samples is 
isotropic and equals -(0.40+0.02), close to the value for 
bulk GaAs [14]. This is expected, in the spirit of k-p 
perturbation theory, from the close proximity of the gaps 
and spin-orbit splittings of the confined InAs structures and 
those of bulk GaAs [IS]. Moreover, the FWHM of the 
electron line is much smaller than that of the exciton and 
hole lines, and is limited by the laser linewidth. This can be 
attributed to the fact that the electron component of the 
exciton wavefunction is expanded mainly in the GaAs 
matrix, whereas the hole component is more localized and 
is affected by fluctuations in lateral extention of the InAs 
islands. A possible anisotropy of the electron g factor 
should arise from the interaction of the conduction band 
with the split heavy- and light-hole states [16]. The small 
value of the HH-LH splitting in our samples makes this 
anisotropy unobservable. 

We emphasize that the values of gex, ghh and ge 
were determined independently. The expected relationship 
gcx = $Ih - ge is experimentally contirmed for magnetic 
field between 5 and 14 T. This proves, that the exchange 
splitting of the HH exciton is small compared to Zeeman 
splittings in our measurements. 
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CONCLUSIONS 

We have observed very efficient SFRS processes 
in resonance with the HI-I exciton ground state in 
submonolayer InAs/GaAs structures. The results reflect 
the strong localization of excitons bound to InAs islands. 
The exciton, electron and heavy-hole g factors are 
determined. It is found that the electron g factor reveals 
quasi three-dimensional behaviour while the observed 
anisotropy of the heavy-hole g factor corresponds to the 
reduced symmetry of the investigated system. 
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