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Wave functions andg factor of holes in G¢Si quantum dots
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We investigate theoretically the Zeeman effect on the hole states in quantum dots. In frame of tight-binding
approach, we propose a method of calculatinggtiactor for localized states. The principal values of the
factor for the ground hole state in the self-assembled Ge/Si quantum dot are calculated. We find the strong
g-factor anisotropy—the componengs,, d,, are one order smaller than tlig, componentg,,= 12.28,
gxx=0.69, g,,=1.59. The efficiency of the developed method is demonstrated by calculating of the size
dependence of factor and by establishment of the connection with two-dimensional caseg-Taetor
anisotropy increases with the size of the quantum dot. The analysis of the wave function structure shows that
the g factor and its size dependence are mainly controlled by the contribution of the statbzwiithg, where
J, is the angular momentum projection on the growth direction of the quantum dot.
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[. INTRODUCTION dots!? Some theoretical results were published for the Igole
factor in quantum well$3-°Recently, the attempt to calcu-

The functionality of modern semiconductor devices relieslate the holeg factor in quantum dots was madfeTo the
on the control of electronic charge. However, the carriers ddest of the author’s knowledge, there is no detailed theory of
not only carry charge, but also spin. Spin transport has onthe Zeeman effect for holes confined in quantum dots.
major advantage compared to charge transport: quantum co- Let us start with qualitative analysis of the principal dis-
herence can be maintained on much larger time scales. Setinctions between two-dimension#2D) case of quantum
eral device applications such as spin transistors, spimells and zero-dimensionalOD) case of quantum dots,
memory, and also the spin quantum computer have been pra¢hich are responsible for thg-factor renormalization. A
posed to utilize spin dependent effects in semiconductorsiery wide quantum well can be considered as a bulk semi-
Semiconductor quantum dot®D), in which carriers occupy conductor. When the interaction with magnetic field is small
discrete energy states, show various spin-related phenomeria,comparison to the quantization energfes strain-induced
including spin degeneracy, exchange interaction, spin blocksplittings in the case of strained semicondudtdtse explicit
ade, and Kondo physid$or review see Refs. 145Various  form of the 8<8 k-p Hamiltonian allows one to obtain im-
promising schemes exploiting the spin of carriers in QD havemediately theg-factor components for the hole subbands.
been proposed recenfiy? For heavy holeg;=6k, g, =0, and for light holeg= 2k,

For successive manipulation of spin in QD, it is necessang, =4k, whereg|, g, are the components of the effective
to know such fundamental spin properties as the effegive g-factor tensor for magnetic field parallel and perpendicular
factor, which defines the Zeeman splitting and the spinto the growth axisz of quantum well, respectively ankis
relaxation time. On one hand these magnitudes characterizbe Luttinger parametéhere, the small valence-band param-
the material properties of the physical object, on the otheeterq is neglectegl For narrower quantum wells, the uncer-
hand they characterize the individual electron state. The eftainty in component of wave vectéy, increases that leads to
fective g factor is directly connected with structure of the the modification of the light holg factor owing to the mix-
wave function of the localized carrier in QD. Here, we dem-ing with the split-off valence-band states and with the
onstrate this connection by considering the hole localize¢onduction-band staté4.The Lande factor of heavy hole
state in the self-assembled Si/Ge quantum dot. From fundaemains unchanged, because the heavy hole states do not mix
mental point of view, this system attracts much interest, bewith the nearest subband states. In the case of ultranarrow
cause here both effects of strong quantum confinement arglantum wells, the holg factor is defined by the parameters
strains define the energy spectrum and they are responsibdé the barrier layer.
for the modification of they factor. In the case of quantum dots, a new modification of the

In bulk semiconductors, the motion of electrons and holesole g factor occurs owing to the spatial confinement not
in the presence of the spin-orbit interaction gives rise to thenly in the growth directiore, but also in lateral directions
g factor, which is significantly modified compared to the freex,y. This leads to the uncertainty ky, k,, and as a result,
particle g factor (g=~2). As one advances from bulk semi- to the strong mixing between the light and heavy hole
conductors to low-dimensional structures, quantum confinestates:’ The light and heavy hole mixing is left out of ac-
ment effects come into play that leads to further strong modicount in the theoretical consideration of 2D system, because
fication of theg factor. For electrons, this results in the the states at the bottom of the subbakd,k,=0) are con-
enhancemefiiand high anisotropy of the Zeeman splittitfy.  sidered usually. In the self-assembled quantum dots formed
A comprehensive theory based on thep method was de- on the base of strained heterostructures, the significant
veloped to predict a behavior of the electigfactor in low-  change of the holg factor is caused by the inhomogeneity
dimensional systems including quantum wélisyires, and  of strains in QD. If one compares the quantum well and the

0163-1829/2003/620)/20530110)/$20.00 67 205301-1 ©2003 The American Physical Society



NENASHEV, DVURECHENSKII, AND ZINOVIEVA PHYSICAL REVIEW B 67, 205301 (2003

quantum dot both with growth directionl00], then one where ¢, (i=x,y,z) are the Pauli matrices, and for low-
finds in the quantum dot, nonzero straiag, ex;, £y;,  symmetry systems the real tengpr is characterized by nine
which lead to the mixing between the light and heavy hol€jinearly independent componer"If%sFor a hole(or an elec-
states. In quantum well, these strains are absent. So, in thgyn) in the quantum dot with symmetry not lower th@sg, ,
case of quantum dots, the spatial confinement in all thregne can choose the system of coordinatey, ), whereg;;
between electronic bands and as a result lead to a new modi- \when the Zeeman interaction is small in comparison to
fication of the holeg factor. the confinement energy, thg factor depends only on the
Here we have developed a method of calculating the holgnagnetic-field direction and can be evaluated by means of
g factor in quantum dots, using the tight-binding approachyne first-order perturbation theory:
This method allows us to calculate tigefactor in quantum
dots with a different shape and a different confinement po-

tential. It is applicable to size of wave function comparable lgl=2\(yIn- Mapl )+ [(¢ln-Mqp|*)[?, (1)
with interatomic distance. This method can be applied also to _ _
the electron states in quantum dots. where ¢, * are the Kramers-conjugate states ané the

This paper is organized as follows. In Sec. Il, we present/nit vector in the magnetic-field direction. Thus, to calculate
the general approach for calculation of tihéactor of carriers  matrix elements of the operat&QD, one has to determine
in QD. In Sec. lll, we propose an estimation of thdactor  the wave functionsy,* for the hole(or electron state in
for holes localized in Ge/Si quantum dots and make a comthe quantum dot. We assume that the magnetic field does not
parison with results of numerical calculations. Then we cal-change significantly the wave function of hole in QD, and
culate the size dependencegfactor and establish the rela- use for calculation of matrix elements the eigenstates of the
tionship between the contribution of the state with= + 3 nonperturbed Hamiltonian. We solved the eigenvalue prob-
and theg-factor value. The probabilities of the Zeeman tran-lem for the hole states in QD recentfWe usedsp® tight-
sitions for different directions of external magnetic field arebinding (TB) approach, including interactions between near-
investigated. In Sec. IV, we explain obtained results byest neighbors onl§?*°The set of atomic orbitalés, py, py,
means of the simplified model of noninteracting subbands. p,} for each atom was taken, and state vector length was
equal to the product of number of atoms and number of
Il. GENERAL APPROACH orbitals per atom. Following Chaé, the spin-orbit interac-
o L tion was added to the Hamiltonian. Strain efféttsere in-
_ The application of magnetic field produces the Zeeman ,porated into the Hamiltonian in two ways: as changes of
interaction energy of the particle, rlavmgAeffectlve magnetiGnieratomic matrix elemeri®2® and as the strain-induced
momentM, which can be written asl=—M-H. The mag-  mixing of orbitals centered on the one atéfnin order to
netic moment is connected with the angular momenduim  find the wave function, we applied the free relaxation
the following way:M =gougJ, Wherepug is the Bohr mag-  technique’* The component of calculated state veciof
neton andy, is the Lande factor, which is equal to 2 for the represents the amplitude of the probability to find hale
particle with only spin magnetism and 1 for the particle with electron on the « orbital of the atom numbel, where the

only orbital magnetism. index a runs over the sefs,p,,py P}
Let us introduce the magnetic moment of a hdVeyp, Since the state vectors were found as linear combinations
measured in units of the Bohr magneton. of atomic orbitals, one should determine the expression for

Moo=l +2S I\7IQD in the representation of ato_mic orbitals. The angular
Qb ' momentum of electron on the orbital of the atom number

whereL is the orbital angular momentum a&ds the spin of N can be written as

the particle. If one needs to calculagefactor of confined

electron in QD, one can use the same expression for mag- 1

netic moment differing only in sign. The Zeeman Hamil- Li:geijkpjrk,

tonian for localized carrier in the quantum dot is written as

HQD(H): —MBHM op= _MB(I:+2é)H- whereg;;, is the unit antisymmetric tensor; IPdICE:,s,k run

E . q | high v di over the se{x,y,z}. The momentum operat@= mr can be

ven in quantum dots, grown along high-symmetry direc-_, .. via th rdinate operatas
tion [001], the symmetry is not higher thad,, because of expressed via the coordinate op

the nonequivalence of directioid10] and[110]. Hence, .
. ~im oL
the energy levels are twofold degenerate in the absence of p=—(Hor —rHy),
magnetic field, and their sublevels constitute the Kramers h
doublets. For the pair of Kramers-conjugate states, the Zee- A
man contribution to the effective Hamiltonian is written as wherem is the mass of the free electrdty is the Hamil-
tonian without spin-orbit interaction. This equation can be
} oo H deduced from the time differentiation rules for operafors.
o #eZiGii T Then the angular momentum operator can be written as
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im .. cally takes into account the internal orbital momentum cor-
i=— €kl Holk. responding to the atomic orbital.

h The strains and confinement effects in the quantum dot
lead to the lifting of the valence-band degeneracy.

It is convenient for states in the HH band to use an effec-
tive HH spin or pseudospiB,,= 3 to describe their sublev-
(Mop)i=L+25 els: as in Ref. 14, we identify,= — 3 with (S,,),=—3 and

QDJiT =i ' J,=32 with (S,,),= + 5. In terms of the pseudosp®y,,, the
But one cannot use this equation directly for calculation ofZeeman Hamiltonian is written as

the matrix element§y|M op|#),(¥|Mqp|#*), because the . .
state vectorsy,* are calculated in TB approach and the H(H)= 1gdnn(ShnH). (33

coordinate operatar has no physical sense in this approach.The same one can make for states in the LH bapd:— 1 is
We replace it by coordinate operat® of the atom with identified with S,),=—3% and J,=+} is identified with
considered orbital: (Sp),=+3. The Zeeman interaction in the LH band:

()

Hence, the magnetic momentum of hole on gherbital can
be written as

~oimo H(H)=1ggin(SnH).- (4
Li:_zeiijjHoRk. (2) . .
fi From a comparison of Eq$3) and (3a), one can conclude

A that for the heavy hole state, which hade=3 and J,
By replacingr—R, we lose some part of the angular mo- _ +2, the Landeg factor isg,~ 6k (the term with small

mentum. The remaining pafEq. (2)] is connected with the o ameteny can be neglectadEquation(3) will be used in
envelope function. It is the orbital momentum caused by lo+j,4 following
calization of the carrier in the quantum dot. To obtain the For the CB and SO states. the Zeeman interaction can be

total magnetic momenturMgp, one should take into ac- \yyjtten in terms of the effective spins;, Se,. For states in
count the internal orbital momentum corresponding to theha conduction band

atomic orbital. Also, one should remember about renormal-

L)zgrtlldog. of gp=2 caused by the interaction of electronic A(H) = 1sgu(&H), (5)
The hole state in the quantum dot is built mainly from and for states in the split-off band,

states of the valence band, namely, heavy hole kattd)

and the light hole bandLH). But the nearest electronic H(H):MBgso(ésoH): (6)

bands also make contribution to the state in quantum dot. _ _ _

The split-off valence bandSO) and the conduction band Whereg. is the g factor of an electron in the conduction

(CB) are important for the correct magnetic momentum caland,gs, is theg factor of a hole in the split-off band, and

culation for hole(or electron state in QD. TB approach, operatorsS;, S;, can be expressed via the Pauli matrices

which we used for solving the eigenvalue problem, takes intgy, & o, S=10 .

account not only the interaction of the electronic bands near The total energy of the interaction with magnetic field

band gap but also the interaction of the HH states with thgncjuding the interaction of the orbital momentumis writ-

higher conduction bands. As we will show further, the con-ten a5 the sum:

tribution of the remote bands in the hole state in QD are

negligible. _The wave fgnctlon (?f holéor electron can be |:|(H)=ZMB[k(jH)+q(ijx+3§Hy+ijz)]

presented in the following form:

+ 1p0sol SsoH) + 180c(SH) + sl H,  (7)

whereL is given by Eq.(2). From this equation, one can
extract the magnetic momeMgp:

|#)=Aca(R)|CB) +Aun(R)[HH)
+AL(R)[LH) +Aso(R)[SO),

where|CB), ... ,|SO) are the Bloch functions, and coeffi- A A A A A A
cients Acg, - .. Agp can be considered as envelopes and (MQD)i:2kJi+2qu3+ Oso(Ss0)i T 9c(Se)i +Li.  (8)
reflect the contributions of the corresponding bands in the o ) ) )
state in QD. Every component of the wave function has in-Substituting Eq.(2) into Eq. (9), we finally arrive at the
trinsic effective spin and interacts with the magnetic fieldfollowing main equation:
according to Eqs(3)—(7) in the following paragraphs. N N ns N

For the degenerate valence-band stat®g land, the (Mqp)i=2kJ;+209 + gsol Sso)i
Zeeman interaction can be written in the following form:
m ...
N A N R N i+ —eiRiHgRy. 9
A(H)=2ua[k(3H) +a(I3H,+I5H, + 3H) L, ) po e ©
wherelJ is the hole effective angular momentud= 3), and  Now we can calculate the factor of a hole(or an electron
k and g are Luttinger parameters. This equation automatiin the quantum dot, utilizing Eq$1) and(9).
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Let us consider the external magnetic field applied paral-
lel to the growth directionH||z. The interaction energy is
determined by the projection of the magnetic momentum on
the external field direction, i.e., on tzeirection. Therefore,
for calculation of the holg factor, one needs to evaluate the

matrix elements of operatofs, I3, (S.0),, (S),, andL,.
At first, we demonstrate that one can estimate the bole
z [001] factor based only on the results of the wave function expan-
| y [110] sion in the basis|J,J,), i.e., the expansion]|)
Gewe(t)tgliiWer, < (110) :?”A{‘(R)Jn) where n runs over the se_t{|§,t LR
+3)]3,%3)} (the heavy hole states, the light hole states,
FIG. 1. Geometry of typical Ge/@i00) quantum dot. and the split-off hole statgsThe contribution of CB states is
omitted because of its small value-(0.5%) according to
Ill. RESULTS our calculations. The results of the wave function expansion
for the ground hole state in the quantum dot with sikes
=15 nm andh=1.5 nm are presented in Table I. The con-
The Ge quantum dots are usually fabricated in Ge/Si hettribution of the states witld,= = 2 (the heavy hole statpss
eroepitaxial systentlattice mismatch~4%) by Stransky- about~84% of the ground state. The rest part belongs to the
Krastanov growth mode after deposition of a few monolay-states with,= = 5 (the light and split-off hole statgsFrom
ers. The average sizes of Ge quantum dots in well-knowrTable I, one can see that the sthi® is formed in general by
experiments are~10-20 nm in lateral direction and the states withl,=+3 andJ,=—3, and the stat¢|) con-
~1-2 nm in height, and these quantum dots can be viewegists of the states witd,=—3 and J,=+%. The angular
as artificial atoms® The large (0.7 eV) valence-band off- momentum projection of heavy hole part is antiparallel to
set characteristic of Ge/Si heterojunction leads to an effectivenat of the light and split-off hole parts. This can be ex-
confinement of holes in Ge clusteéfsThe experimental re- plained by symmetry considerations. The combination of the

sults show that the shape of Ge/Si quantum dot is close to th&tates withJ,=+3 and J,= —3 remains the same under

square pyramid with the height onezg)rder smaller than the symmetry transformation of group,, (7 rotation. The part
length of the base side(h/lI~1/10)." The Ge nanocluster i/vith J,=+1 reflects the contributions of the statés,

represents quasi-two-dimensional object with the principal | | ;1 . .
symmetry axis, see Fig. 1. *+3), |3,=3), either of the two is about 8% of the ground

The localized states in the quantum dot are formed mainiy?ole state. That is the LH and SO states make the equal
from valence-band states, and represent the superpositions @@ntributions to the ground hole state.
states|2,+3),[3, = 3),|1,£1) (the states|J,J,) are the If the ground hole state in the qqantum dot was formed by
eigenstates of effective angular momentdrand its projec- the heavy hole s?'fates only, th_e spin up sfewould cor-
i . s i respond tal,= + 3 and the spin down state ) would cor-
tion J,). The state$;, =+ 3) can be considered as heavy hole respond toJ,= — 3. The Zeeman splitting in the magnetic

states,|3,+3) can be considered as light hole states, andield H|z would be defined as

|3, 3) can be considered as split-off hole states. The strain

distribution in quantum dot in general consists of the com- 3 27
pression in the plane of the pyramid base and the extensiorE(H,) =2ug((Mqgp))H,=2ugH, 2k§+2q§+(LZ> ,
in the growth directionz. In the bulk uniaxially extended (10
semiconductor, strains lift the degeneracy of the valence
band, making the heavy hole band, the highest valence
band?® For this reason, the contribution of the heavy holewhere((Mqp),), (L,) are average components of the mag-
states in the ground state in QD must be predominant. Theetic and orbital momenta respectively, in the state For
same conclusion follows from estimation of the quantizationestimation, the term with small parametgis neglected in
energies for heavy and light holes. Heavy hole has the muckg. (10), |g|=0.06 (Ref. 29. If one takes into account the
bigger effective mass and the lower quantization energydmixture of the light and split-off hole states with
(compared to those for light hgle =+3, Eq.(11) turns into the following:

Ge island
(quantum dot)

sit—>

A. Hole g factor in Ge/Si quantum dots

TABLE I. Results of wave function expansion in the bdsisl,) for two Zeeman sublevels ), || ) of the
ground hole state in Ge quantum dot. The sizes of Ge nanocluster: the heigl nm, and the length of
the base sidé=15 nm. The contribution of CB states-0.5%) is omitted.

19.92) 13.2) 13.2) 3.-32) 13.-2) 13.3) 2.~ 3)
1) 83.67% 2.26% 4.7% 0.08% 1.17% 8.11%
1) 0.08% 4.7% 2.26% 83.67% 8.12% 0.67%
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3 are the principal interband momentum matrix elements. Here
E(HZ)ZZMBHZZk(aZ_dZ)E+2MBHZ[2k(b2_C2) |X) is the yz-type wave function of thd }s valence-band
states in the case where spin-orbit coupling is neglected, and
k is expressed by two constan{s @ndH, in Ref. 32. The
estimation of fundamental gap, in strained Ge following
Van de Wallé® givesE,=1.2 eV. This value is close B,
obtained for pseudomorfic Ge film by theoretical study of
strained Sj_,Ge, alloys, coherently grown on a ®01).3

The gapE| in strained Ge can be found, follow Lawaetz
by scalingE for initial Ge according to

1
+gso(ez_f2)]§+2MBHz<Lz>i
where coefficientsa®, b?, ¢, and d? are probabilities of
finding in the statg7) hole withJ=3% andJ,=3%, J,=3%,
J,=—1%, andJ,=—2% correspondingly. The coefficients’
and f2 are probabilities of finding hole witd=3% and J,
=1, J,=—3 correspondingly. They all are connected with
coefficientsA{(R), ie {HHT, HH|, LHT, LH|, SO, Py = i\71-1.92
SO|} in the following véay: Eo(s)=Eq(D[a(s)/ali] ==

wherea(s), a(i) are the lattice constants for strained and
aZZJ'AaHT(R)de bz:fAEHT(R)dRy unstrained Ge’s. The momentum matrix elements are in-
versely proportional to the lattice constants. Herggs)

and E,g(s) are obtained by scaling their values for unstrained

czzf A2 (R)AR, dzzJ'AE‘HL(R)dR, Ge with
2

a(i)

8(8)={1+1.23D(s) =11} 715

e2=fA§m(R)dR, ezzfAé@(R)dR.
where D(s) is the factor introduced by Van Vecht¥nto
For quantum dots with sizels=15 nm andh=1.5 nm, account ford electron effects. For unstrained GB(i)
these probabilities ar@?~0.84, b?~0.02, c>~0.05, d> =1.25. To determinate thB(s) for strained Ge, we use the
~0, e°~0.01, andf?>~0.08. method proposed by Van Vechten and obtain the value
If one excludes the term wit{L,) , the estimation of the D(s)=1.13.
hole g factor can be done by means of the following equa- Thus, usingEy(Ge)=3.16 eV, E,(Ge)=26.3 eV, and
tion: Eo(Si)=14.4 eV (Ref. 32, we have calculated from Eq.
5 _ 5 oo (13) the Luttinger parametdt= —2.75.
0,7~6k(a?—d?) +2k(b?—c?) +gs(e2—f2).  (11) Substitutingk= —2.75 andgs,= —10 in Eq. (12), one
fan find|g,,/~13 for Ge nanocluster with=1.5 nm and
=15 nm . The numerical calculation of the hadactor by
means of Eq(1) with eigenstates obtained in TB approach
gives the valugg,,/=12.28. Analogously we have calcu-
lated the principal values of thg tensor for magnetic field
lying in the plane of the pyramid base]g,,|

The valence-band parameters for bulk Ge and Si are we
known. The Luttinger parametéris known from high pre-
cision experiment§Ref. 29 k= —3.41+0.03, but the mag-
nitude of g5, is known with poor accuracygg,= —10+3
(Ref. 30. However, they factor is crucially dependent on the
magnitude ofk and weakly dependent on tlig,, and this —
fact does not lead to the significant error in calculations.™ 0-69(H||[110],)' |9yy|:1-59 (",'”[110])- ]

More significant correction of factor can be expected from  1he comparison of the obtained valgg, with the g fac-
difference of parametécin the strained Ge from its value in tor of heavy hole in the bulk gefmanlufghhl~6k=20-46 _
unstrained Ge. Experimental values for the Luttinger paramShows that the effects of quantum confinement and strains
eters of strained Ge do not exist in the literature. Thereforee@d to the decrease of the ha@dactor. This demonstrates
we have used a nonlinear interpolation sch¥nadong with thg suppression of the Spl!”l-OI‘bIt interaction due to the ad-
the concepts of Lawaef?,which exactly reproduces the ex- Mixture of the light and split-off holes states.

perimental values of the Luttinger parameters of both Si and 10 estimate the orbital momentum contribution, we have

Ge. Parametekis mainly dependent ok- p couplings of the ~ calculated the holg factor, dropped all terms in Eq10)
topmost valence band with the and p antibonding €XCePt the last. In this case, the calculation gives the value of

conduction-band states with energy gapandE}, respec- the g factor, one order smaller than for case of total moment

tively. This allows to express thiein the following form: M_QD: 9.4 =0.59. ,SO' the holey factor is mainly deter-
mined by the effective angular momentumbut not by the

1E. 1E _ orbital momentuni.
ngE—p—g—?‘Fk, (12
0 Eo B. The size dependence of the holg factor
where The holeg factor of the ground state in QD demonstrates
2 a well pronounced anisotropy,, is one order larger than
Ep=2im[(X|P[T'2)/%, Oxx» dyy- Calculation of the holg factor for Ge nanocluster
with larger lateral sizd, keeping the nanocluster height
Ep=2/m|(X|Py|T15)|? constant, shows the stronger anisotropy of ghiactor (see
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FIG. 2. Theg factor of ground state in Ge quantum dot as a L
function of the QD lateral sizé. The Ge nanocluster heigtt FIG. 3. Profiles of biaxial strairz,,—3(exteyy) along the
=1.5 nm. symmetry axisz of a quantum dot at different lateral sizeef Ge

nanocluster. The region | corresponds to wetting layer and the point
corresponds to the tip of the pyramid. The maximum value of

. . o I
Fig. 2. For calculating this size dependence, we use th%iaxial strain is reached in wetting layéuoint A).

parametek=2.75 for strained Ge. We do not take into ac-

count the change ok with size of Ge nanocluster. Our ining the change of the contribution ratio between [the

simple estimation ok in dependence on strain shows that 1 . . .
this parameter slightly rise, with nanocluster giz8o, if this ithaatﬁgaen; thé;) state in considered cask£ const and is

fact was included into consideration, it would be led to the . . .
The calculation of the holg factor with increasing of

T ety D01 Sz and . keeping te proprtons o e pyrama
constant f/1=1/10), gives more higher anisotropy of tbe

between the ground hole state and the hea.Vy hole ﬁate factor. For example’ for=30 nm andh=3 nm, the princi_
+3), which has the transverse components of ghfactor  pal values of theg tensor are the followinglg, ] =17.43,
close to zerd? The ground hole state becomes closer to theg,,|=0.12, lgyy/=1.06. In this case, the contribution of the
heavy hole state with increasing of the nanocluster lateraheavy hole state goes up to 90%, just that leads to this high
size that leads to the anisotropy enhancement. The numericahisotropy. The strong increasing @f, is caused by reduc-
calculation confirms this assumption: the contribution of theing the part of wave function penetrating in Si region. In this
heavy hole state in the ground state in QD goes up witltase, the wave function is located almost only in the Ge
increasing of the nanocluster sizésee Fig. 2 For example, region, and Si does not affect tigefactor value. In the case
when the sizd changes from 15 nm to 30 nm at the height of nanocluster witth=1.5 nm, the influence of Si environ-
h=1.5 nm, the contribution of the heavy hole state increasegment is stronger.

from 83.7% to 86%. The-factor anisotropy becomes stron-  When proportions of the pyramidn(l=1/10) are pre-
ger: |g,, goes up to 13.53 and transverse components deserved, strains cannot be considered as the main reason de-

crease tqgy, =0.52,|gyy|=1.56. termining the|3)-state contribution. The spatial distribution
To establish the effects, which govern the change of the

contribution of the states with,= + 2 (the |3) state$ with = 6.2
nanocluster sizé we consider how the strains in Ge nano- & 81 6.0
cluster are changed. We use our previous results of calculat- § | 58 _
ing the spatial strain distribution in Ge nanocluster and their 5 841 [ 56 B
environment? We trace the biaxial strain,,— 3 (ex,+ £yy) 'g (54 ?;'
in dependence on the nanocluster size. When the lateral & 824 (50 @
nanocluster sizéincreases witlh= const, the biaxial strain o 1 L g_
in the Ge nanocluster increases with the rétio(see Fig. 3. | 80- 5.0
This leads to higher strain splitting between the light and % | 4.8 ’§
heavy hole state® The admixture of the states with, é 78 46
==+1 (the|i) states is decreased. Moreover, our results <+ . . ——t44

T v —T1 v T v T
allow us to comprise the size dependences of biaxial strain 5 10 15 20 25 30 35

and |3 )-state contribution. It is surprisingly that the depen- Island size / (nm)

dences of these characteristics on the nanocluster sire FIG. 4. Size dependence of maximum value of biaxial strain, the
identical (see Fig. 4 This means that thig )-state contribu-  height of pyramidh=1.5 nm, the lateral sizé is changed. The

tion is nearly a linear function of biaxial strain. It is difficult maximum value of biaxial straisymbols®) (point A in Fig. 3)

to explain this result in frame of simple qualitative model. depends on the size of Ge nanocluster in the same manner as the
But it demonstrates that the strain is the main reason detef3)-state contributior(symbols(]).
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of strains and their magnitudes in the quantum dot are nasizel. For any chosen direction of the magnetic field, the

significantly changed with increasing of nanocluster sizesZeeman energy is determined by the projectipnof the

The strain splitting between the light and heavy hole stateangular momentum on the directibin When the direction of

remains the same. In the Discussion, we argue that the reasbrnis not parallel to principal axis of symmetwy the states

determining the change 0§ )-state contribution in this case [J,Jn) cannot be considered as the heavy, light, and split-off

is the confinement energy. hole states. For example, the sthte* 3) with J,= =3 can-
The obtained size dependence of théactor proves the not be considered as the light hole state. The sthtg) is

correctness of our approach. Indeed, when the laterall sizetransformed intdJ,J;,) in the following way:

increases, the Ge nanocluster transforms into the pseudomor-

phic strained Ge film. The inhomogeneity of the strain dis-

tribution disappears, the straing, , &,,, £, are absent. The 13,30)=> RjZJh(a,cp)lJ,JZ),

uncertainty ink,, k, becomes equal to zero for the state on Jz

the bottom of the subband. All these changes suppress the .

mixing of the heavy hole state with the nearest band stated/N€re . are the azimuth and polar angles of the vettor

And as a result, thg factor of the ground hole state must N the coordinate systemx(y,z) and the ma‘anJR can be

trend toward the heavy holg factor in strained Ge film, €xpressed via standard rotation matrix; ; (6,¢)

gnp~6k=16.5. But for thin Ge layerthickness is a few =DjZJh(0,— 6,—¢).®

nanometers theg factor of hole state is affected by Silayer | the special casé= /2, ¢=0, the magnetic field lies

surrounding Ge layer, because the tails of wave function penp, the plane of the nanocluster base and coincides with axis

etrate into Si layer. Namely, for Ge layer with thickndss y | et us consider the heavy hole state with- 2, without

=2.2 nm, thez component ofg tensor is equal tdg;]  any admixture. In the representatifihJ,) the vector of this

heavy holeg-factor in strained germanium. Moreover, this

value is smaller thahg,,/=13.53 for Ge nanocluster with 3 1 3 3
=30 nm andh=1.5 nm. This effect is caused by vanishing lyy=a - - _> +d|=,— _>
the contribution of orbital momentuin for 2D Ge layer. 2" 2 2" 2

33 b31
22/ P32/ "¢

C. Gé'Si mixing at the interface

The above given values gffactor have been obtained for
Ge nanocluster with atomically sharp Ge/Si interface. We
have taken into account the Ge/Si mixing at the interface of
real self-assembled quantum dots, and the calculated values o T )
have changed. The Ge/Si mixing is introduced in the calcuWhere squares of coefﬁmgmé, b%, ¢, andd rgfleczt con-
lation procedure in the following way: each of atoms in thetributions of the states with correspondidg, a“+b“+c
crystal lattice is substituted with probabilié for one from  +d”=1. Under application oR; ; (w/2,0), the heavy hole
its four neighbors. So, in this manner one can obtain thetate transforms into superposition of the states wiith
diffused interface with graded changes of the Ge content=+3 and
within three monolayers. The calculation with diffused Ge/Si

o O T 9
o O O -

interface gives the following results: transverse components 1 J178
undergo a drastic change, for example, for the Ge nanoclus-

ter with lateral size =15 nm|g,,| decreases from 0.69 to .10 NETE
0.6 and|g,,| decreases from 1.59 to 0.33. But the longitudi- Jh==%3 ol ™ J3i8
nal component of thg factor remains unchanged practically,

|g,/=12.37. So, in the case of diffused interface, the 0 V1/8

g-factor anisotropy enhances in comparison to the case of the
atomically sharp interface. Probably, this is caused by thé&rom this equation, it is clear, that the contribution of the
effective increase of the Ge nanocluster size. state withJp,=+3 is § of whole state, the state withy,
=—3 makes the same part. They contain together 75%. So,
for magnetic fieldH, lying in the plane of pyramid base, the
contribution of the states witld,=+ 3 becomes higher in
For magnetic fieltH||z, the Zeeman transitions probabil- comparison withH||z. Therefore the probability of the Zee-
ity depends on the magnitude of the angular momentum praman transitions for in-plane magnetic field is higher. This is
jection J,. For the state with),=+ 3, the transitions be- also true for the hole state with initial admixture of the states
tween Zeeman sublevels are forbidden and for allowedvith J,=+ 3, as for the ground hole state in the considered
transitions, the conditioddJ,=*+1 must be satisfied. The Ge quantum dot, where the contribution of the states with
admixture of the states with,= + 3 leads to the weakening J,= =3 is about 16%. Further, we present some estimation
of this prohibition. Therefore, the Zeeman transitions prob-of the Zeeman transitions probabilities for different direc-
ability becomes higher for nanoclusters with smaller laterations of the magnetic field. The probability of induced tran-

D. Zeeman transitions probabilities
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sitions between the Zeeman sublevels is determined by the ISR
interaction of the magnetic momentum with oscillating mi- : 90 .
crowave magnetic fieldH | cos 2t (H, is perpendicular to ,§ 80 e
the external magnetic fieltH) and is proportional to the .-g 704 o
square of the matrix elemeRt| |z, H, |1)|, whereu, is the ool J° ¢ o o
magnetic momentum projection on the direction of micro- ; 1°
wave fieldH , ,%¢ # 807

) A 40

Pry~ (L H I = 030 032 034 036 038 040 042
Energy (eV)

For external fieldH||z, the microwave magnetic field
lies in the plane of the n.anOCIUSte,r base and th? p.l‘OjeCtIOI’] of FiG. 5. The|§>-state contribution for the ground state and nine
magnetic momentun, is proportional to the principal val-  eycited states in Ge quantum dot vs. the state energy. The energy is
ues ofg tensor:g,y (the direction[110]) andgy, (the direc-  counted from valence-band edge in bulk Si, the energy of the
tion [110]). For microwave fieldH, , which is parallel to ground stat€,=420 meV.
the direction[110], the pr ility is proportional to the . . .. . . .

e direction| O] ep Obat? y 1S '20'00 onat to the is justified by results of numerical expansion of hole states in
square of the principal valugy,: Py ~J5y- 3 1

For external fieldH1 z, the projection of magnetic mo- QP on the|2) states andz) stat.es :
mentumy, lies in the plane containing the axis For mi- Figure 5 presents the contributions of tfig-states for
crowave fieldH, , which is parallel to directiofn100], the  the ground and excited states of confined hole in the quan-
probability is proportional to the square of the principal tum dot with sized =15 nm andh=1.5 nm. These results
valueg,,, PTiwggz' _ show that the contributions of thé) states are smaller for

For quantum dot wittg,,= 12.28, g,,=0.69, 9yy,=1.59,  more excited states than for deeper states. For example, for

thebeit]lr.r;atflonHof mduceq tra}[nlsn?ns prgbabnny ﬁ'vetsh thethe first excited state thg)-state contribution goes down
probability for H|[z approximately two orders smaller than until 79%, while for the ground state it is about 84%. For the

forHLz: . : TR
ninth excited state, thg )-state contribution is about 60% of
P (HL2) the wave function.

—————~100.
PN(H”Z)

If we take into account the decrease of transverse compo-
nents @=0.6, g,,=0.33), caused by the Ge/Si mixing at
the interface, then the ratio amounts to thousand:

P, (HL2)

P, (Hl2) 0

IV. DISCUSSION

The obtained results give the evidence that the driving
force of g-factor size dependence is the change of the con-

tribution of the|3) states to the hole state in QD. To explain
the existing ratio between contributions of e state and

the |3) state composing the hole state in QD, we apply the
simplified model of the band structure without interaction of
the electronic bands. We consider separately the energy speg,
trum of hole withJ,=+ 3 and the energy spectrum of hole state—¢), (d), second excited state-e), (f), third excited
with J,=+ 3 in QD (see Fig. 7. In frame of this model, the o . "

deepest energy levels in QD belong to hole wigh = % In state—@), (h). The center right panel presed%}-states and the

the region of the excited states, one can find the levels ogenter left panel presenké)-states. For clarifying the character of

3 1 . wave functions for first and second excited states, we create the
both|3) states and3) states. If the mixing between thé) superposition of these wave functions (2J[| 1)+ | ,)expl)]

states and thé%)-states is included into consideration then with any optimal phase, which demonstrates-like charactesee
the true spectrum of a hole in QD can be obtained. In thepanel with %. The panel ¢*) corresponds to +” and (e*) corre-
region of the excited states, there are some “mixed” statesponds to “-" in this superposition, both are related to the
with comparable contributions of both holes. The ground|3)-states. Analogously the panek$*() and (f*) correspond to the

state mainly consists of tHé) state. This qualitative model |%)-states.

FIG. 6. The wave functions d#)-states and3)-states for first
r levels in quantum dot: ground statea)}( (b), first excited

205301-8



WAVE FUNCTIONS AND g FACTOR OF HOLES IN . .. PHYSICAL REVIEW B57, 205301 (2003

13/2>-state 11/2>-state between thd) state and thél) state is determined by the
energy gap, which depends on the character of the wave
T functions of interacting states.
Let us find the reasons determining the change of this
ABp AEr; AE; ratio with nanocluster sizeb, I. When proportions of the
l pyramid (h/1 =1/10) are preserved, the spatial distribution of
strains and their magnitudes in the quantum dot are not sig-
. nificantly changed with increasing of nanocluster sizes. The
strain splitting between the light and heavy hole states re-
. 5 mains the same in this case. The quantum confinement en-
FIG. 7. The schematic sketch of energy spectrgspistates and  ergy becomes smaller for larger nanoclusters, for example,
|%)-states in the model of noninteracting electronic bands. for nanocluster with sizes=100 nm andh=10 nm, it is
about a few meV. Therefore, the ground hole state shifts to
The contribution of thé3) state in the QD hole states is the bottom of the potential well. The excited states are not so

not described by smooth function of the energy. For explaSensitive to the change of the quantum confinement energy,

nation of this stepwise change, we construct the wave fundo€cause their localization lengths are larger than the nano-
tions of |2) states and) states separately. cluster size. The tails of the wave function penetrate into

The calculated wave functions of these states for the firsgilayer surrounding Ge nanocluster. Hence, the shift of the
; . xcited states is smaller than for ground state. The energy
four levels in QD are presented in Fig. 6. Our results allow

us to determine the character of wave functions. The gapAE, between thes-like state of hole with),= 3 and

3 . " thed-like state of hole with),= + 3 increases. Consequently,
=3 part of the ground state has tkdike wave function. N o
As to part withd,= + 2, which is about 16% of the ground the |3 )-state contribution to the hole ground state decreases
state, it has thaklike wave function. If we consider two @and the wave function becomes closer to the heavy hole
spectra of hole withl,= =2 and withd,= =1 in our sim-  State. In this case, the main reason determining the change of

plified model, then we will finds-like, p-like, d-like,...,  the contribution ratio between thHé) state and thé3) state
states in each spectrufsee Fig. 7. Certainly, the lowest is the gquantum-confinement fact@he change of the con-
state is theslike state, then thep-like state follows, the finement energy

d-like state, and so on. A degree of tHe-state admixture to The obtained results give the evidence that the knowledge

the |$)-state is determined by energy gap between thesgf the hole wave function structure is very important for

. . - 3 Ihterpretation of magnetic properties.
states anq is_proportional tE3,—E+q7) 7. From the . Experimentally, the holg factor is usually obtained from
data in Fig. 6, one can conclude that the ground state i

Bptical measurements. In these experiments, the photolumi-
formed by mixing of thes-like state from the spectrum of b P f b

. g 7
A . nescence spectra in magnetic field are studietf. The g
hole withJ,= =3 and thed-like state from spectrum of hole ;5 of hole was derived from experimental value of exci-

with J,=+ 3. In this case, the admixture of tig) states is  ton g factorg,, and electrorg factorg,, using the equation
determined by energy gapE,=E? 5,— = 12- Thefirstand g, =g,+g. (* =" for bright excitons, “+” for dark exci-

the second excited states in QD are formed by mixing of theons. To avoid the systematic inaccuracy caused by existing
p-like states from both spectra. At first glance, the characteof exchange interaction between electron and hole, one must
of these wave functions is not clear. But the superpositiortarry out the experiment with “free” holénot bounded in
1N2[ | 1) = |,)exple)] has p-like character(see panels exciton. It may be the magnetotunneling experiment, which
with * in Fig. 6), that allows us to classify its parts pdike  is analogous to experiment with an electf8rin this case,
wave functions. In these cases, the energy gaps are the sathe choice of the direction of magnetic field plays important
(AE;=AE,=ER,,—EP,,), and the })-state contributions role, because the Zeeman splitting and the probability of the

are equal. The third excited state is formed by mixing the?€€man transitions are in strong dependence on the
d-like state from the spectrum of hole with= = ¢ and the magnetic-field direction. For directidl||z, the Zeeman tran-

slike state from the spectrum of the hole wilh=*1. In sitions are almost fo'rbidden. But in theT cdse z, the Zee-

this case, thd1)-state admixture is determined by energy man splitting is vamshed._ Theref_ore, it Would_ bt_a better to
i i ) s carry out the experiment in the tilted magnetic field, when

gapAE;=E. 5, E%y)p, the distance between the interact- ihe ground hole state in QD is sufficiently splitted and the

ing energy levels is smaller and ti¢)-state admixture is Zeeman transitions are allowed.

higher than for underlying levels. By this way, one can find

the ratio between the energy gaps in all four caskg V. SUMMARY

>AE;, AE;=AE; andAE,>AE;) and explain the degree  \ye nave studied the effect of the external magnetic field

of the|3)-state admixture for the first four levels in the quan- on the hole states in the Ge/Si quantum dots. We have devel-

tum dot. For higher levels, the interpretation is more diffi- oped a method for calculation of the haoler electron g

cult, because the wave functions of these states are mofactor in quantum dots, using tight-binding approach. The

complicated and it is impossible to classify themsdske,  size dependence of the principal values of the typfactor

p-like, d-like, ..., wave functions. So, the contribution ratio for Ge/Si quantum dot has been calculated.

LW
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We have found the significant difference betweggiactor  with their weighting coefficients. This estimation does not
of the hole ground state in QD arg},,=6k (the effective take into account the contribution of the orbital momentum,
heavy holeg factor in the strained bulk semicondudtdith  but in the case of Ge/Si QD this leads to inessential deviation
increasing of the nanocluster size, this difference reduces arfgom true value of they factor.
the holeg factor in QD trends toward the heavy haéactor. The method of theg-factor calculation proposed in this
We conclude that the effects of quantum confinement angaper allows one to carry out the analysis of the existing
strains lead to the suppression of the spin-orbit interactiorxperimental data and to compare them with theoretical val-
due to the admixture of the ||ght and Sp”t-Oﬁ holes states anqhes of the Carrieg factors in quantum dots, grown in differ-

the decrease of the effective angular momentum of hole. ent heterostructures, since it can be applied not only to the
We give the recipe of the estimation of the hgltactor in  Ge/Sj system.

QD, based on the knowledge of the structure of wave func-

tion only. First, one should analyze the wave function, sepa-

rate the contribution of the main electronic band and calcu- ACKNOWLEDGMENTS

late the admixture of the nearest bands. Second, one should
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