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Hole spin relaxation during the tunneling between coupled quantum dots
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We investigate theoretically the spin transport in an array of Ge/Si quantum dots. In the frame of the
tight-binding approach we calculate the probability of hole spin-flip for resonant tunneling between localized
states in neighboring quantum dots. The tunneling between hole ground states occurs mainly with conservation
of the spin. For excited states the probability of the spin-flip is higher. We find that the main source of the
spin-flip is the structure-inversion asymmet§iA) of the Ge quantum dot. Every tunneling event is accom-
panied by the small rotation of the angular momentum and this provokes the spin-flip. Simple estimations of
the time of spin relaxation caused by the SIA-mechanism giye~107° s.
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The recent proposals of quantum computing and spin defield. In our calculations we focus on the spin behavior when
vices based on the manipulation with spin of carriers inhole moves through the array of coupled Ge QDs. Essen-
quantum dot$QDs) (Refs. 1-3 caused a great interest to the tially we investigate the spin transport via the resonance tun-
problem of spin relaxation in QDs. The Ge/Si system is ongeling between coupled QDs in Ge/Si heterostructures. We
of the most attractive systems for exploiting in spintronics,Will show that the spin relaxation due to SIA-mechanism
because the spin relaxation mechanisms caused by bulRecurs during the resonant tunneling between neighboring
inversion-asymmetrithe Dresselhaus term in electron effec- cCoupled QDs even at zero temperatingthout phonon as-
tive Hamiltoniarf) do not work in these semiconductors. But Sistance _
other additional mechanisms of spin relaxation can appear in ©Ur studies are based on the calculation of the energy

the SiGe structures with reducing dimensionality of the sysSPectrum of holes and their wave functions in the tight-

tem. The asymmetry of heterostructures results in the appeal?lndlng (TB) approack?.vlff Th? Spln—Orb.It(SO) mtgracpon
ance of the Rashba spin-orbit couplinBecently it has been Was added to the Hamiltonian following Chaldas Hso
shown that the Dresselhaus-type contribution is also possibkeZ;H\, with HY.=(2A/3)1§, 8=15. Hered= (4, oy, &) de-

in the two-dimensional SiGe heterostructutéEhe kind of  notes the Pauli spin matricéss the number of aton, is the
spin-orbit coupling is defined by the symmetry of quantumorbital momentum, and is the SO gap between the bulk
well structures. The structures with symmeBy, andD,,  valence band$" andI'g. The localized states in the Ge QD
have the center of the space inversion and the additionalan be characterized by the angular momenturand its
terms do not appear in the Hamiltonian. In the case of grouprojection J, on the growth directiorZz. The ground hole
D,y the Hamiltonian contains only the Dresselhaus-typestate in Ge QD is formed mainly from heavy hole stdtbs
term. In the case of grouf,, only the Rashba coupling is angular momentum projectiod,=+3/2) and has a small
allowed, whereas in the structures wifl3, symmetry both admixture of light hole states and split off band states
Dresselhaus-type and Rashba terms are possible. (J,=%1/2). The excited states contain more admixture of

Here we show that the additional mechanism of spin rehole with J,=+1/2 (Ref. 10. We will demonstrate below
laxation appears also in the Ge/Si structures with selfthat this changes the spin behavior significantly.
assembled QDs. This mechanism is caused by the structure- We consider the projection of the angular momentlym
inversion-asymmetry(SIA) and can be considered as an as an analog of electron spin for hole states. From now on we
analog of the Rashba term. will refer to J, as the “spin of holes.”

We consider a typical Ge QD embedded in the Si matrix. \We calculate the probability of hole spin-flip for resonant
The Ge QD layers are usually fabricated by molecular beanunneling between localized states in neighboring QDs. A
epitaxy in the Ge/Si heteroepitaxial systélaitice mismatch  probability of tunneling event is defined by the integral
~4%). The experimental results show that the shape obf overlapping between states in neighboring QDs:
Ge/Si QD is close to the square pyramid with the height\/\/”.:(zﬂ/ﬁ)||ij|25(8i_8j), wherel;; is the overlapping inte-

h one order smaller than the length of the base sidgyral, ¢;, g; are the energy of holes inandj QDs.

| (h/I~1/10." The Ge nanocluster represents a quasi-two- For the tunneling without spin-flip the overlap integral is
dimensional object with principal symmetry axscoincid-  calculated for the states with equal directions of spins in
ing with growth direction. The symmetry of the Ge QD is neighboring QDs. The following procedure was used to de-
described by groug,,. The main symmetry property of Ge termine the overlap integrals. We consider an infinite well-
QDs is the absence of top-bottom symmetry. The largerdered chain of coupled QDs. The neighboring QDs adjoin
(~0.7 eV) valence-band offset characteristic of the Ge/Sieach other. We calculate the energies of hole states in this
heterojunction leads to an effective confinement of holes irone-dimensional crystal, where Ge QDs serve as atoms. The
Ge clusters. equivalent problem is the calculation of the energy spectrum

We consider the spin-polarized hole state created by optin a model structure, that represents a Si building block con-
cal or electrical injection in any Ge QD in zero magnetictaining one Ge QD, with periodic boundary conditid(fég.
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1). The width of the energy band is determined by the
magnitude of the overlap integral between artificial atoms.
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FIG. 1. The schematic sketch of the tunneling process with 3 ground state /\‘
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It is defined asl;j=|E,~E_|/4, whereE, and E_ are the 042 040 036 06 034 02 om0

hole energies of bonding and antibonding states correspond- Energy of hale stats (eV)

ingly. To calculateE. we use the boundary conditions

|)y=0=%|t)y=q, Whered is the building block size in the FIG. 2. The probabilities of tunneling processes with spin-flip

direction, |¢) is the hole wave function. The details of the (V) and without it(H) for the ground and excited hole states in Ge
calculations in TB approach are presented in our previouQDS- The height of the Ge nanocluster1.5 nm, lateral size

papersg.*lo =15 nm.
For the tunneling with spin-flip the overlap integral is
calculated for states with spirp and spindownin neighbor- So, having the values of overlap integrals, we can calcu-
ing QDs. In this case we use the boundary condition late the probabilities of the tunneling with spin-flip and with-
out it.
| x=0= K|th)y=q» (1) The results of these calculations demonstrate that the tun-

- neling between hole ground states in the neighboring Ge
whereK(|y) is the Kramers conjugate state. A problem with QDs occurs with conservation of spin mainly. More exactly,
this boundary condition has the same eigenvalues as a pronly one spin-flip happens every hundred tunneling events.
lem with the boundary condition The probability of the spin-flip during the tunneling between

o= il ) excited states is higher. One spin-flip event happens every
x=0 x=d: 5-10 tunneling events on average. Our calculations show the
The proof of this statement is the following. Let the function increase in the spin-flip probability with the number of states
|¢>:uT(x)exp(ikx) be the eigenfunction of the proble(®) (see Fig. 2 This relationship is not described by a smooth
with energy E. This function corresponds to the point function, but consists of oscillations. These oscillations can
k=m/2d in the Brillouin zone of our artificial crystal. Then be explained by the dependence of overlap integrals on the

R|¢)=uj(x)exp(—ikx) is the function withk=-m/2d and the  Symmetry of the wave functiolf, for example, the overlap
same energg. Let us construct the functiof) in the fol- integral is smaller fos-like andd-like states and bigger for

lowing way: p-like states. - . : .
We investigate the probability of the tunneling with spin-

loy = (| + ikw,»/\ﬁ_ flip and without it for different sizes and shapes of QDs. At
fixed height of QDs both probabilities decrease with increas-
One can see that this function is the superposition of twang |ateral size of QD$see Fig. 3. But the probability of the
Bloch functions with opposite spin and quasimomentum ditunneling with spin-flip(P,) is always lower than the prob-
rections. At the translation byt this function transforms as  apjlity of the tunneling without it P,). The ratioP,/P; in-

creases with decreasing lateral size of QBgf. 3, inset

) = (ily) +Klp)N2. (with decreasing from 20 nm to 12 nm this ratio changes
It is easy to check that the transformed wave function is the
Kramers conjugate functionp),-o=K|¢)y-q. SO, the wave 1074 st0
function |¢) satisfies to the boundary conditiof®§ and has T a0
the same energf as the wave functiofy). Therefore by g 10°) ,\'\. * 100
solving problem(2) we find the eigenvalues for problefh). > 41 \w\-\ LR T
The problem with the boundary conditi¢®) has two eigen- z "] \\'\_ Bl
valuesE;- and E,«. The difference between them gives the B 10" \
spin splitting of the energy band. The origin of this spin _gwo-ﬂ} \»‘
splitting is the same as in the noncentrosymmetric crystals g 10" \
like GaAs. Our artificial crystal has no inversion center due P P,
to asymmetrical shape of QDs and this results in the spin O 6 5 1012 14 1 180 2
splitting of the energy band &= 0. This spin splitting is Ge nanacluster size (nm)

equivalent to the presence of effective internal magnetic _
field, so called SIA-field, in our artificial crystal. The overlap ~ FIG- 3. Size dependence of probabilitieg and P, of the tun-

integral is defined as neling with spin-flip(¥) and without it(l) correspondingly for the
ground hole state in Ge Q[h=1.5 nm,| is changedl Inset, size
lij = |Ep. — Ep.|/4. (3)  dependence of thB,/P; ratio.
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FIG. 4. The distribution of the angular momentum for the

ground state. The arrows schematically show the direction and mag-

nitude of the vectoty|J|¢) along the line passing through the cen- G- 5. Model structure of molecules. Upper molecu(as (b)

ter of the QD base. For better representation we multiply the deviall@ve a structure-inversion-asymmetry. Lower molectzs(d) are
tion angle by 5. without it. The arrows schematically show the direction of the an-

gular momentum.

weakly, for smaller QDs the ratio drastically rises: for
[=6 nm it runs up to=360. In general one can conclude SlA-field. If we come back to real Ge QD, we can say that
that the spin transport in array of small QDs can occurthe SIA-field does not appear in the QD with equal upper and
mainly without spin-flip(if phonon-assisted process can belower sides as in the low moleculés) and (d).
neglectedT<4 K). Now we discuss a mechanism that increases the probabil-

We find that the probability of spin-flip event is lower for ity of spin-flip. The spin-flip occurs due to the rotation of
more flat QDs. We compare two Ge QDs with base sidenole angular momentum in the transverse SlA-field. The
I=15 nm and different heightth=4.5 nm andh=1.5nm.  heavy hole angular momentum rotation is negligible because
In the first case the probability of the tunneling with spin-flip the transverse component of heavy haidactor is very
is only two times smaller than the one without it. While in small. While the rotation of light hole spin is much greater
the second case the raty/ P, is approximately 50. This is because its transverspfactor is ~4k, wherek is the Lut-
the evidence of strong dependence of spin-flip event on théinger parametetk=3.41 for G&3). Then the admixture of
aspect ratioh/I. In addition we must note that the overlap |1/2)-states enhances the probability of spin-flip. For excited
integral(3) is larger in the case of QDs with high aspect ratiostates the admixture di./2)-states is greater, therefore the
h/1. Then the spin splitting of the energy band is greater, thaprobability of spin-flip is more probable in this cageig. 2.
is equivalent to a greater SIA-field. In order to find the reason for the drastic decrease of the

The action of the SIA-field on the spin is presented in Fig.spin-flip probability for ultrasmall QD witH <10 nm (Fig.
4. Here we consider the distribution of the vector with com-3) one needs to consider the structure of the hole wave func-
ponents(y|J,] ), (,//|Jy|¢> (43,]y) across the QD for the tion. The tails of the wave function mainly consist of the
ground state. One can see that the absence of top-bottolight hole with J,=+1/2 and thecore of the wave function
symmetry leads to a fanlike distribution of the angular mo-consists of the heavy hole with=+3/2 (Fig. 6). The SIA-
mentum. Based on these results we can conclude that duridig!d effectively acts on the spin only in the Ge regithe
the tunneling of carrier through QD, the hole angular mo-large value of Luttinger parametéy. For sufficiently large
mentum gradually turns by the small angle. After severalQD (I=15 nm almost all parts of the wave function, even
events of the tunneling this can provoke the spin-flip. its tails, are enclosed in QD. For QD witk<10 nm the tails

To understand the nature of the SIA-field we consider theof the wave function penetrate in the Si environment. Here
different model structures that contain from 3 to 14 atomsthe action of the SlA-field is not so effective as in the Ge
These structures are molecules with structure-inversiontegion. Then the spin-flip event has low probability and the
asymmetry and without it. Four of them, the most simple

ones, are presented in Fig. 5. The upper moledaesnd(b) 10
have the same symmetry property as the Ge(@PB absence 2'22
of top-bottom symmetry Lower moleculegc) and(d) have 0:7_
the higher symmetry. 06

We solve the eigenvalue problem for these structures in 0.5

two-center TB approximation, including onlg-orbitals in

the consideration. For simplicity we assume that the interac-

tion between neighboring atoms does not depend on the dis- 0.2

tance between them. The spin-orbit interaction is included in 0.11

the same way as above. We consider the spirstate. We 0.0

calculate the components of the angular momentum and their

distribution at each atom. One can see in Fig. 5 that the

absence of top-bottom symmetry leads to the deviation of the F|G. 6. The probability density profiles for light hole part

angular momentum from the directiah (J,=1/2, dashed lingand heavy hole paitl,=3/2, solid line) for
This consideration demonstrates the crucial role of thehe ground state inside the Ge quantum @st1.5 nm,|=15 nm.

microscopical arrangement of atoms in the appearance of theach curve was normalized to full probability density.
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difference between tunneling processes with spin-flip and In conclusion, our results show that the tunneling between
without it is high1?13 coupled QDs is accompanied by the rotation of hole spin.
Finally we estimate the spin-flip rate during the tunnelingThis rotation results in the spin-flip after several tunneling
by using the properties of real Ge QD array. We refer to thesvents. The probability of spin-flip is defined by aspect ratio
recent experiments where two-dimensional hopping condut/| of QD and the admixture of states with=+1/2. The
tance in Ge QDs array was investigatédhe SIA-field ef-  origin of the spin-flip is the structure-inversion-asymmetry.
fectively perturbs the spin of hole only when carrier is l0- This |eads to the appearance of effective magnetic field
cated inside Ge QD. The time spent by the carrier inside th?SIA-fieId), which turns the spin of the hole. The effect of
QD i's'a reciprocal of thg rate of hopping between ceniers spin rotation due to the shape asymmetry of QD can appear
andj in QD array, that iSthopping™ 1/1'j. The conductance ot only in the Ge/Si system with QDs, but also in all sys-

between centerisand] is defined a@ij_~e21“ij/ kT(Ref.15.  tems with self-assembled QDs, which have this type of
The conductance of the typical Ge/Si heterostructure with G%symmetry.

QDs was obtained in experiments at the helium temperature

(T=~4 K) and was near-104(€?/h). Using this value we This work has been supported by the Russian Foundation
obtain 7pping™ 107" s. Since the spin-flip probability is 100 of Basic ResearcliGrant No. 05-02-16285 INTAS-2001-
times smaller than the tunneling probability, we can estimat®615 and Program RAS and SB RASo. 27 for young

the time of spin relaxation agg,~107°s. scientists.
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