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Direct measurements of spin relaxation times of electrons in tunnel-coupled Ge/Si quantum dot
arrays
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Electron paramagnetic resonance and spin-echo methods are used to probe the spin dynamics in Ge/Si
heterostructures with quantum dots. A spin coherence time of up to 20 s is obtained for electrons confined in
strain-induced Si potential wells near the apices of Ge quantum dots. The measurements of spin echo confirm
the model of spin relaxation through the spin precession in the effective magnetic field lying in the plane of a
quantum dot array. Existence of two electron groups with different spin-relaxation times is suggested to explain
a nonexponential spin-echo behavior observed in the structures under study.
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Symmetry of nanostructure has a crucial impact on the
spin dynamics. The spin-orbit 共SO兲 coupling in asymmetrical
quantum-well structures gives the possibility to manipulate
the spin of electrons1,2 but at the same time it serves as main
source of spin relaxation. The extensive continuous wave
共cw兲 electron paramagnetic resonance 共EPR兲 experiments3
and direct spin-coherence measurements4 of quantum-well
共QW兲 structures have shown that the longitudinal spinrelaxation time and the coherence time of two-dimensional
共2D兲 electrons are controlled by the effective in-plane fluctuating magnetic field5 whose origin is the SO interaction.
This effective magnetic field Heff describes the spin splitting
induced by inversion asymmetry of the system and depends
on the electron wave vector k, Heff = ␣共k ⫻ ez兲 / gB 共Refs.
3–5兲. Here, g is the electron g factor, B is the Bohr magneton, and ez is the unit vector in the growth direction of QW
structure. The spin of mobile electron rotates around this
intrinsic magnetic field and k scattering provokes a spin
dephasing due to random fluctuations of the effective magnetic field. The confinement of electrons in all three dimensions switches off this efficient spin-relaxation mechanism
due to vanishing of 具k典 for localized state. Therefore, the
electron localization in a quantum dot 共QD兲 is one of promising ways to preserve a spin orientation. The silicon-based
QDs are currently considered as one of the best candidates
for solid-state implementation of spintronics and quantumcomputation schemes because of the long spin lifetime in
silicon, originating from weak SO coupling and extremely
small concentration of nuclear spins in Si 共a natural abundance of isotope 29Si is less than 5%兲.
In the previous work6 we made the attempts to localize
the electrons in all three dimensions in Si and to measure
their spin-relaxation time. For this purpose Ge nanoclusters
were embedded into the Si matrix using the molecular-beam
epitaxy 共MBE兲 in Stranski-Krastanow growth mode.7 The
electrons in this system are localized in Si surrounding the
Ge QDs due to misfit strain. To enlarge the electron-binding
energy, the multilayer Ge/Si structure with vertical stacking
of Ge QDs was formed. An accumulation of the strain from
different QD layers provides the increase in potential well
1098-0121/2010/81共11兲/113303共4兲

depth for electrons. As a result, the creation of fourfold
stacked Ge/Si QDs structure allowed us to enlarge the binding energy of electrons up to ⬃60 meV 共Ref. 8兲 that is
larger than the binding energy of shallow donors in Si
共⬃40 meV兲. A depletion of donors at low temperatures and
localization of electrons at the apices of Ge dots were proved
by EPR measurements in cw mode. We observed a special
EPR signal with anisotropic line width. An analysis of the
obtained g-tensor values confirmed the relation of this signal
to electrons localized in strain-induced potential wells in the
vicinity of Ge QDs. For explanation of the orientation behavior of EPR line width we proposed the model of anisotropic
spin relaxation due to the interaction of electron spin with
the effective magnetic field lying in the plane of the QD
array. The cause of this effective field in the QD system is
the same as in 2D QW structures 关a structure-inversion
asymmetry 共SIA兲 of electron potential wells兴. However there
are some peculiarities for localized states in the QD system.
The fact is that the localization of carrier in all three dimensions leads to the uncertainty of electron momentum
⌬kx , ⌬ky , ⌬kz. This uncertainty provides the appearance of
the effective magnetic field Heff = ␣QD共⌬kx,y ⫻ ez兲 / gB with a
random in-plane direction 共Fig. 1兲. Obviously, the average
value of this field equals to zero for the localized state in QD.
However, during tunneling between coupled QDs the
preferential tunneling direction n appears, which defines the
direction of the effective magnetic field: Heff = ␣QD⌬kn共n
⫻ ez兲 / gB. Every tunneling event is accompanied by the
small spin rotation in the effective magnetic field that provokes the spin flip after series of random tunneling events.9
The tunneling 共hopping兲 direction n in QD system serves as
analog of the electron momentum direction k / k in 2D system. When the external magnetic field is oriented perpendicularly to the QD plane, the model implies a special relation between values of T2 共a coherence time兲 and T1 共a spinpopulation-relaxation time兲, T2 = 2 T1. This is a consequence
of in-plane arrangement of fluctuating effective magnetic
fields. The longitudinal relaxation arises entirely from Hx and
Hy components, 1 / T1 ⬃ H2x + H2y 共Ref. 10兲. While the transverse relaxation is defined by the average squared compo-
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FIG. 1. Scheme of a tunneling process and a spin rotation
around the effective magnetic field. Here n is the tunneling direction, S is the electron spin, and Heff is the effective magnetic field,
arising during tunneling between QDs. The right-hand picture
shows the uncertainty of the effective magnetic field for localized
state in QD 共Ref. 9兲 and Z is the growth direction of the QD
structure.

nent of the field that is transverse to a spin lying in plane of
QD array, 1 / T2 ⬃ 1 / 2共H2x + H2y 兲.
The experimental observation of the relation T2 = 2 T1 provides a strong evidence of proposed model of anisotropic
spin relaxation. However, in the case of inhomogeneous
broadening of the EPR line, which is typical for selfassembled QD structures, a conventional cw EPR experiment is not sufficient for determination of spin-relaxation
times and the pulse mode measurements are more powerful.
In the present work the spin-echo method is used for direct
measurements of T2 and T1 values in the multilayered Ge/Si
QD system and the relation between them is compared with
prediction of the model.
Samples were grown by MBE on n-Si共001兲 substrates
with a resistivity of 1000 ⍀ cm. During growth procedure a
fourfold stack of Ge islands was inserted into the 0.6 m
epitaxial n-Si layer 共Sb concentration 4 ⫻ 1016 cm−3兲 at the
distance of 0.3 m from the substrate 共Fig. 2兲. In order to
reduce distortion of the electron-confining potential by the
potential of ionized impurities, a 10-nm-thick undoped Si
spacer was introduced between the topmost Ge layer and the
n-type Si cover layer. The first and the second Ge layers as
well as the third and the fourth ones are separated by 3-nmthick Si spacers while the distance between the second and
the third Ge layers is 5 nm. The Ge QD’s formation was
controlled by reflection high-energy electron diffraction. After growth, the test samples were analyzed by transmission
n-Si 0.3 µm
Si, undoped, 10 nm
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FIG. 2. Structure of the sample and scheme of electron localization. The energies of the ground-electron state 共in central Si spacer兲
and the first two excited-electron states 共in top and bottom Si spacers兲 are given according to results of numerical calculations 共Ref.
8兲.
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FIG. 3. 共Color online兲 Saturation curve of microwave power P
absorption 共symbols 䊏 are experimental data兲. Solid line is a superposition of two theoretical saturation curves 共dashed and dashed-dot
lines兲 either of them corresponds to a Lorenz EPR line. Inset shows
the saturation parameter s behavior for both Lorenz lines, 1 / s = 1
+ 1 / 4␥2H12T1T2, where H1 is microwave field and ␥ is gyromagnetic ratio 共Ref. 12兲.

electron microscopy. It was shown that the average lateral
size of Ge nanoclusters is 20–25 nm and the height is 1.5
nm, the density of QDs is n ⬃ 1011 cm−2.
Measurements were performed with a Bruker Elexsys 580
X-band EPR spectrometer using a dielectric cavity Bruker
ER-4118 X-MD-5. The samples were glued on a quartz
holder and the entire cavity and sample were maintained at
low temperature with a helium flow cryostat 共Oxford
CF935兲. To avoid the needless EPR signal from dangling
bonds 共g = 2.0055兲 the passivation with atomic hydrogen was
done before measurements. The spin-echo measurements
were carried out at temperature 5 K in resonance magnetic
field H = 3455 G 共can be slightly varied ⫾5 G in dependence on resonance conditions兲, H 储 Z, where Z is the 关001兴
growth direction of the structure. To establish the origin of
the EPR line broadening and estimate the approximate values of T1 and T2, a preliminary study of the saturation of
microwave power absorption in cw mode was performed. A
two-pulse Hahn echo experiment 共 / 2 −  −  −  − echo兲 was
used to measure T2 共a detailed explanation can be found in
Ref. 11兲. In order to observe a longitudinal spin relaxation
共corresponding time T1兲, a different pulse sequence is applied 共 −  −  / 2 − T −  − T − echo兲. The first  pulse rotates
the magnetization opposite to its thermal equilibrium orientation, where the interaction with the environment causes the
spins to relax back to initial orientation parallel to H. After
time , a  / 2 pulse followed by another  pulse is used to
observe a Hahn echo. In the first and second type of experiments, the durations of  / 2 and  pulses were 60 and 120
ns, respectively; the interpulse time in the second experiment
was kept T = 200 ns.
Figure 3 demonstrates the dependence of EPR signal amplitude on microwave power measured in cw mode. One can
see a saturation curve with a well-pronounced peak and following decay at higher power levels. The observed behavior
is specific for homogeneously broadened EPR line;12 however, there is apparent non-Lorentzian behavior. The experi-
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FIG. 4. 共Color online兲 Amplitude of spin-echo signal versus
delay time  共symbols 쎲 are experimental data, solid line is a superposition of two exponential functions兲. Inset shows the spinecho decay in semilogarithmic scale. Corresponding microwave
pulse sequence is  / 2 −  −  −  − echo.

mental saturation curve is described by a superposition of
two saturation curves either of them corresponds to a Lorentz
line. It means that there are two groups of electrons with
different spin-relaxation times contributing to the observed
EPR line. Inset shows the behavior of the saturation parameter s for both Lorenz lines. From the equation 1 / s = 1
+ 1 / 4␥2H12T1T2, where H1 is microwave field, ␥ is gyromagnetic ratio,12 we can determine the products of transverse and
longitudinal spin-relaxation times for both lines. For the first
line this product 共T1T2兲 is about 10−12 s2, for the second line
T1T2 ⬃ 10−10 s2.
While the saturation experiments give the product T1T2
only, the measurements of spin echo allow us to obtain the
exact values of both relaxation times independently. In the
Fig. 4 the spin-echo decay measured in two-pulse Hahn echo
experiment is shown. Inset to Fig. 4 demonstrates that the
spin-echo behavior can be described by a superposition of
two exponentially decaying functions
共2兲
共1兲
共2兲
M共t兲 = M 共1兲
x,y exp共− 2/T2 兲 + M x,y exp共− 2/T2 兲,
共2兲
where M共0兲 = M 共1兲
x,y + M x,y is the lateral 共in QD plane兲 magne共2兲
tization after  / 2 pulse. Decay parameters T共1兲
2 and T2 , obtained by fitting the experimental data, amounts to T共1兲
2
⬇ 0.9 s and T共2兲
2 ⬇ 20 s.
The analysis of an inversion signal recovery, measured in
three-pulse echo experiments, shows a nonexponential behavior 共Fig. 5兲 that can be described by the superposition of
two functions
共2兲
共2兲
M共t兲 = M 0z − M z共1兲 exp共− /T共1兲
1 兲 − M z exp共− /T1 兲,
共1兲
where M 0z is the equilibrium magnetization, M 0z = M 0z
共2兲
共1,2兲
共1,2兲
共1,2兲
1
2
+ M 0z , M z = M 0z − M z 共0兲, and M z共0兲 = M z 共0兲 + M z 共0兲
is the magnetization just after applying of an inverting 
pulse. The experimental curve consists of two pieces with
different recovery rates. At the beginning the sample magnetization recovers very fast. After some time the part of spins
is returned to an equilibrium state and the recovery rate befor both
comes much slower. The relaxation times T共1,2兲
1

FIG. 5. 共Color online兲 Amplitude of inversion-recovery signal
versus interpulse delay  共symbols 쎲 are experimental data兲. Inset
shows the early stage of inversion recovery. Corresponding microwave pulse sequence is  −  −  / 2 − T −  − T − echo.

pieces of curve can be extracted from the last equation for
M共t兲. The characteristic time obtained by this fitting for the
first rapid stage of recovery is about T共1兲
1 ⬇ 400 ns while for
⬇
10

s.
All values of spinthe second stage it is T共2兲
1
relaxation times were determined with the error ⫾20%.
Thus, the spin-echo measurements confirm the finding of
saturation experiments that two groups of carriers with different T2 and T1 define the spin dynamics in the structure
under investigation. In both groups of carriers the special
relation between T2 and T1, T2 ⬇ 2T1, is observed. The unusual relation T2 ⬎ T1 confirms that the spin relaxation is
caused by the interaction with the effective magnetic field
arising due to the SIA. However, to make a final conclusion
about mechanism of spin relaxation we should demonstrate
that the emission/absorption of phonons has negligible contribution to the spin relaxation. A comparison of SIA mechanism and phonon mechanism of spin relaxation, made as in
our previous paper,13 shows several orders of magnitude difference between corresponding spin-relaxation times. We
find that the phonon-induced spin-relaxation time for
ground-state electrons is about 50 s 共at temperature 5 K and
external magnetic field H = 3455 G兲. Such long time is a
consequence of small SO interaction in Si and special electronic structure of fourfold Ge QD stack8兲.
Let us discuss the possible reasons of existence of two
groups of electrons with different spin-relaxation times. The
basis of proposed mechanism of spin relaxation is nonzero
probability of tunneling transitions between QDs. Every
electron hopping from one dot to another causes a small
rotation of the spin. Eventually the spin relaxes after a large
number of random tunneling transitions, which leads to averaging of the spin-relaxation time. As a result, a single
group of electrons should be detected. We propose the following explanation of the appearance of the second group of
electron with another relaxation rate. At first, to avoid the
averaging between two groups of electrons, they should be
spatially separated. Indeed, in fourfold stacked QD structure,
electrons can be localized in different Si spacers. According
to the numerical calculations, using the effective-mass
approximation,8 the ground state of the electron 共E0
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= 58 meV兲 is formed in the central Si spacer while the first
and second excited states 共E1 = E2 = 46 meV兲 are formed in
the upper and lower Si spacers. Size distribution of QDs
results in the energy level spread 共⬇10 meV兲, which is comparable with the energy difference between ground and excited states. As a result, electrons can be located in the
ground state as well as in the first two excited states, and,
hence, in different Si spacers. The scheme of electron localization in the fourfold stacked QD structure is shown in the
right panel of Fig. 2. The vertical electron transitions between Si spacers are suppressed by Ge barriers, which prevent the averaging between electron groups.
Different spin-relaxation times can be resulted from different tunneling probabilities of electrons in the central and
top 共bottom兲 Si spacers. It is obvious that the higher tunneling probability the faster electrons lose the spin orientation.
The tunneling probability depends on the height of potential
barrier between QDs. These barriers arise due to in-plane
strain modulation induced by QDs in Si layers. Strain modifies the conduction band edge and determines the height of
the barrier between QDs through deformation potential.8 The
numerical calculations of the strain distribution in fourfold
QD stack, using a valence-force-field model with a Keating
interatomic potential 共model parameters were taken the same
as in Ref. 8兲, shows that the barrier height is approximately
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