Spin-dependent energy relaxation inside a quantum dot
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We employ pulse excitation measurements in order to investigate spin-dependent energy relaxation
inside a quantum dot. A fast pulse signal is applied to a gate electrode in order to excite a quantum
dot, and the induced transient current is analyzed in terms of energy relaxation. We describe transient current measurements on a lateral quantum dot, in which the tunneling rates are controllable
with gate voltages, and on a vertical quantum dot, in which the total number of electrons and total
spin can be well identi¯ed. The spin-conservation rule during energy relaxation is clearly identi¯ed.
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I. INTRODUCTION

II. TRANSIENT CURRENT SPECTRUM

Semiconductor quantum dots (QDs), in which electrons occupy discrete energy states, show various spinrelated phenomena, including spin degeneracy, exchange
interaction, spin blockade, and Kondo physics [1{5].
Transitions between dot states, which are responsible for
the coupling to the dot environment, should strongly re°ect the characteristics of the states in close analogy with
selection rules for absorption and emission processes in
real atoms. The energy relaxation process, which is a
spontaneous transition from an excited state (ES) to a
ground state (GS), is one of the important characteristics of spin dynamics. Electronic states in a solid can
easily couple to the lattice environment, i.e. phonons
[6,7]. Theory predicts that the energy relaxation time
of an ES in a QD is of the order of nanoseconds if the
transition is accompanied by acoustic phonon emission,
provided the spin is neglected [8]. In contrast, it should
be extremely long if the transition involves a spin °ip [9].
Spin conservation during a transition is a selection rule
for arti¯cial atoms.
In order to investigate spin conservation experimentally, we perform pulse excitation measurements, in
which a transient current through an ES re°ects the energy relaxation time in the QD. We describe in detail the
amplitude of the transient current, and discuss measurements on a lateral QD, in which the tunneling rate of two
tunneling barriers can be adjusted, and on a vertical QD,
in which total number of electrons, N , and total spin, S
can be readily identi¯ed. A spin conservation rule during
relaxation is clearly demonstrated.

In order to investigate energy relaxation from an ES to
a GS, we use a pulse excitation to push the system out
of equilibrium. We apply a pulse signal to the gate electrode to modulate the electrostatic potential of the dot
(see Fig. 1), and measure the averaged transient current
in the following way. When the pulse is in the low-phase
(duration tl ), both the ES and the GS for a particular
number of electrons are located well above the chemical potential of the contacts, ¹L and ¹R . After a su±ciently long time, tl , an electron is depleted from these
states[Fig. 1(b)]. When the pulse is turned to the highphase (duration th ), the potential of the dot is lowered
by an energy ®Vp (® is the conversion factor from gate
voltage to energy, and Vp is the amplitude of the pulse).
We consider the case that the excitation energy ®Vp is
larger than the energy spacing between the GS and ES,
but smaller than the addition energy of the QD. Thus,
only one electron can enter either the GS or the ES. If the
conditions are adjusted so that only the ES is located in
the transport window [Fig. 1(c)], transport through the
ES continues until the GS becomes occupied. First, an
electron tunnels into the ES or the GS with a probability
ratio, ¡L;e : ¡L;g . If an electron is injected into the ES, it
can relax to the GS, or tunnel out to the right lead to give
a net current. The transport is transient, being blocked
once the GS is occupied. We chose asymmetric barriers,
¡L À ¡R , such that an electron can stay in the ES for
a long time. Thus, the decay time, ¿ ¤ , of the transient
current should re°ect the energy relaxation time, ¿ , from
the ES to the GS.
We can relate ¿ and ¿ ¤ from the rate equation taking
into account all the tunneling processes shown schematically in Fig. 1(c) [10,11]. Taking ¡L À ¡R and
1=¿ ¤ < ¡L;e + ¡L;g (valid for measureable current), the
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average number of tunneling electrons during one period
of the pulse, hne i, is
¤

hne i ' A¡R;e ¿ ¤ (1 ¡ e¡th =¿ );

(1)

where A ' ¡L;e¡L;e
+¡L;g is the injection e±ciency into the
ES. The decay time is obtained as
1=¿ ¤ = 1=¿ + ¡R;e (1 ¡ A);

(2)

containing information about ¿ . The second term arises
from the sequential tunneling process, in which an electron ¯rst escapes from the ES to be followed by an electron tunneling into the GS.
In addition to the transient current, we can also measure the stable current through the GS as a reference.
The ES and GS become empty during the low-phase of
the pulse, and only the GS contributes to the stable current during the high-phase of the pulse. Because there
is no current-blocking for the stable current, the average
number of tunneling electrons, hng i, should be
hng i = ¡R;g th :

(3)

III. MEASUREMENTS ON A LATERAL QD

First, we study a lateral quantum dot, which is fabricated in an AlGaAs/GaAs modulation doped heterostructure by using focused ion beam implantation
(dark horizontal lines in the secondary electron micrograph (SEM) image of Fig. 2(a)) and Schottky gates
(bright vertical lines separated by 220 nm) [6,10,12,13].
The dot contains about N » 50 electrons. The addition
energy is about 2 meV and the single particle energy
spacing is 100 - 300 ¹eV. Since this device has multiple
gates, some parameters can be changed independently by
appropriately adjusting the gate voltages. We tune the
two gate voltages, VL and VR , such that the tunneling
rate of the left barrier, ¡L , is much larger than that of
the right barrier, ¡R . Therefore, the incoming tunneling
rate to the dot is larger than the outgoing tunneling rate
at a positive bias voltage, Vb > 0, (for the polarity de¯ned
in Fig. 2(a)). We perform the following measurements
at a temperature of 150 mK and in a magnetic ¯eld, B,
applied perpendicular to the substrate.
We apply a square-like pulse waveform through a dcblock (low frequency cut o® at 700 Hz) and a low-loss
coaxial cable (about 3 m long with a loss of < 3 dB for
dc - 10 GHz). There is no termination near the sample,
and the re°ected pulse, as shown in Fig. 2(b), is more or
less the actual pulse waveform at the gate. The rise time
(about 0.2 ns) of the pulse is faster than ¡¡1
L;g (typically
about 1 ns), so the GS is not immediately occupied. The
pulse length, th , is varied from 10 ns to 10 ¹s, and the
average current is measured.

We investigate the transient and stable currents as a
function of the pulse length, th . We can obtain the average number of tunneling electrons per pulse, hng i, for the
stable current through the GS, and hne i for the transient
current through the ES from the I(th +tl )=e value for each
peak current I. Figures 2(c) and (d) show the results for
the same N but measured at slightly di®erent magnetic
¯elds [B = 1.19 T for (c) and 1.35 T for (d)]. From the Bdependence of the excitation spectrum (not shown), the
ESs show complicated crossing and anti-crossing behavior at around B = 1.3 T, while the characteristic of the
GS is unchanged for B = 1.1 - 1.5 T [11]. The transient
current observed in Fig. 2(c) and (d) originates from
ESs with di®erent characteristics. For both cases, hng i
depends linearly on th , indicating a continuous current
°ow. The slope of these traces, dhng i=dth = ¡R;g » (300
ns)¡1 , are almost the same for two cases. For the transient current, hne i shows saturation behavior, which appears at very di®erent pulse lengths th . From ¯tting with
¤
a single exponential function (Eq. 1), » (1¡e¡th =¿ ), we
obtain the decay time ¿ ¤ = 2.1 ¹s for B = 1.35 T, and
¿ ¤ . 2 ns for B = 1.19 T.
Next we have to evaluate Eq. 2, in order to obtain the
relaxation time ¿ . The second term, ¡R;e (1 ¡ A), can be
estimated from the dc current characteristics assuming
¡L;e1 =¡L;g = ¡R;e1 =¡R;g . ¡R;e (1 ¡ A) » (1.2 ¹s)¡1 is
obtained for the two cases. Thus ¿ ¤ = 2.1 ¹s for B =
1.35 T is determined by a sequential tunneling process,
and the energy relaxation time of interest is longer than
that; i.e., ¿ > 2.1 ¹s. By contrast, ¿ . 2 ns for B = 1.19
T.
The signi¯cantly di®erent relaxation times can be understood in terms of spin-conservation during relaxation.
If the ES and GS have the same spin, the electron in the
ES quickly relaxes to the GS as a result of fast electronphonon interaction (typically about ¿e¡ph » 1 ns) [8]. By
contrast, if the ES and GS have di®erent spins, the relaxation time is limited by spin-°ip processes. Most of the
spin relaxation mechanisms discussed for 3D or 2D electrons in GaAs are suppressed for 0D states of QDs. We
expect an extremely long spin relaxation time (¿spin >
10 ¹s) due to the small spin-orbit interaction [9]. This is
beyond our experimental limit (a few ¹s), and explains
well the long-lived ESs we observe. In this case the longlived ES should have di®erent spins from that of the GS.
In our experiment, the Zeeman splitting is small and unresolved. Thus it is the di®erence in the total spin that is
responsible for the long energy relaxation time, and for
the appearance of the transient current.
Assuming spin conservation during relaxation, the
pulse excitation technique is useful to analyze the excitation spectrum inside a QD. On application of a square
pulse (th = tl ), the amplitude of the net transient current, Ie , is given by
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Ie = hne ie=(th + tl ) = eA¡R;e ¿ ¤ =th (1 ¡ e¡th =¿ ): (4)
2

This can be approximated to Ie = 12 eA¡R;e for ¿ ¤ À th ,
and Ie = 12 eA¡R;e ¿ ¤ =th for ¿ ¤ ¿ th . Thus, the transient
current decreases, if the pulse length, th , is made much
longer than ¿ ¤ . The transient current Ie for the two
cases presented above (kept at a 20% duty ratio, th =(th +
tl ) = 0:2) is plotted in Fig. 2(e). The solid line is a
¯tting curve using Eq. 4. With an appropriate value of
th (¿e¡ph ¿ th < ¿spin ), the transient current appears for
an ES whose total spin is di®erent from that of any lower
lying state. This technique is useful for studying the
spin-dependent energy relaxation described in the next
section, and other spin-dependent phenomena in QDs.
IV. MEASUREMENTS ON A VERTICAL QD

We also perform transient current spectroscopy on a
vertical QD (arti¯cial atom), in which the total number of electrons, N , and total spin, S, are well de¯ned
[2{4]. Electrons are con¯ned by an approximate 2D harmonic potential (con¯ning energy ~!0 » 4 meV). The
N -dependent addition energy, Ea = 2 - 5 meV, clearly
reveals a shell structure for sequential electron ¯lling. Interacting electrons inside the dot form many-body states
well characterized by total spin, S, and total angular momentum, M . These quantum numbers can be identi¯ed
from the magnetic ¯eld (applied parallel to the current),
B, dependence of the single-electron tunneling current
spectrum. Zeeman splitting is not resolved in this measurement so we neglected it.
The QD is weakly coupled to the top and bottom electrodes via asymmetric barriers. Figure 3(b) is the conventional dc excitation spectrum (the color represents the
amplitude of djIj=dV g) obtained for a dc bias voltage of
Vb = -1.5 mV. The n-th current stripe starting from the
most negative Vg gives information about the tunneling
transition between the N = n ¡ 1 and N = n electron
system. The negative bias polarity is chosen such that
an electron is injected through the thicker top tunneling
barrier (¡¡1
» 100 ns) and ejected through the thint
ner bottom tunneling barrier (¡¡1
» 10 ns). The curb
rent increases in a step-like manner (positive peak appears in djIj=dV g) when N -electron energy states enter
the transport window, and decreases (negative peak in
djIj=dV g) when energy states leave the transport window. The positive-peak positions for n = 1 - 3 are traced
in Fig. 3(d). We can identify these states by comparison with an exact diagonalization calculation [14].
The identi¯ed quantum numbers (N; S; M) are labeled
in Fig. 3(d). For the second stripe (n = 2), in which the
N = 2 electron energy spectrum appears, a transition
from the spin-singlet state (N; S; M ) = (2; 0; 0), which
has anti-parallel spin electrons in the lowest orbital, to

3
spin-triplet state (N; S; M ) = (2; 1; 1), which has spinpolarized electrons in the lowest two di®erent orbitals,
appears at B = BS¡T » 5 T. Similarly, (N; S; M ) can
be identi¯ed for higher N .
For transient current spectroscopy, a small positive dc
bias voltage Vb = 0.15 mV is applied in such a way that an
electron is injected through the thinner bottom barrier,
and ejected through the thicker top barrier. A square
pulse is applied in the same way as described in the previous section [see Fig. 3(a)]. Since the QD is fabricated on
a conducting GaAs substrate, the parasitic capacitance
of the gate electrode (mainly for bonding pad area) degrades the rise time of the pulse to 1 - 3 ns. This is com¡1
parable to the transport timescale (¡¡1
»
tot ´ (¡b + ¡t )
10 ns) of the dot, and the amplitude of the transient
current is smaller than expected. However, we still see
a clear transient current signal. In the following experiment, the pulse length (th = tl = 300 ns) is chosen
to be much longer than ¿e¡ph » 1 ns but smaller than
¿spin > 10 ¹s, so that a transient current appears only
for long-lived ESs whose total spin is di®erent from that
of lower-lying states. The B-dependence of the transient
current spectrum is shown in Fig. 3 (c). The pair of
peaks at the upper and lower edge of the n-th current
stripe is due to transport through the N = n electron
GS. The transient current through the same N ESs appears within the stripe. The singlet-triplet transition for
N = 2 is clearly seen at B = BS¡T . Transient current
is observed for the triplet ES when B < BS¡T , and for
the singlet ES when B > BS¡T , since relaxation in both
cases requires a spin-°ip.
We measure the decay time ¿ ¤ of the transient current
by changing the pulse length. As is the case for the lateral
QD, clear saturation behavior is observed (not shown).
The obtained decay time ¿ ¤ = 50 ns - 1 ¹s, depending
on the magnetic ¯eld, spin states, and samples, is always
determined by sequential tunneling processes (the second
term in Eq. 1). The spin-°ip energy relaxation time ¿ is
beyond the measurable range for this technique, but we
can conclude that ¿ is longer than the typical transport
timescale (¡¡1 ).
From the n = 3 stripe, we can see some ESs which can
relax to the GS without a spin-°ip. The ES (N; S; M ) =
(3; 12 ; ¡1) appearing in the dc excitation spectrum at B =
0 - 1 T, is absent in the transient current. Since the N = 3
GS is (N; S; M ) = (3; 12 ; 1) at this ¯eld, energy relaxation
takes place immediately without a spin-°ip. Similarly,
some ESs at around 5 T are missing in the transient
current [see Fig. 3(d)]. We do not see any transient
current (< 50 fA) for these states even when the pulse
length is reduced to th = tl = 20 ns (further reduction
of the pulse length induces non-resonant pumping). The
absence of the transient signal implies that the relaxation
time ¿e¡ph is shorter than »10 ns.
One can see additional di®erences between the dc and
pulse excitation spectrum. The dc excitation spectrum
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has many extra weak features, which do not show any
clear B-dependence. These can originate from weak modulation of the density of state in the top electrode, since
its volume is so small [»(0.5 ¹m)3 ] [4,5]. These features
are suppressed in the transient current spectrum, because
the transport is allowed only when an ES is located in
the small transport window [see Fig. 1(c)]. However, we
see weak modulation in the amplitude of the transient
current, although this is not clear for the color scale used
in Fig. 3(c).

Figure captions
Fig. 1. (a) Schematic time-dependent gate voltage,
VG (t), used to obtain the transient current signal. (b)
Schematic energy diagram when the pulse is in the lowphase for depletion. Both the excited state (ES) and the
ground state (GS) become empty. ¹L and ¹R are the
chemical potential of the left and right contact, respectively. (c) Schematic energy diagram when the pulse is
in the high-phase for transient transport and relaxation.
The transient current through the ES continues until the
GS is occupied.

V. SUMMARY

In summary, pulse excitation measurements are ideal
for the investigation of energy relaxation times inside
a QD. For an appropriate pulse length, we can obtain
the energy spectrum for only long-lived ESs, which have
di®erent total spin from that of lower-lying states. We
¯nd that the spin-°ip energy relaxation time is longer
than the typical transport timescale, and that spinconservation provides a selection rule for the energyrelaxation in GaAs QDs.
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Fig. 2.(a) Schematic setup for the pulse measurements.
The SEM picture is of the lateral quantum dot used in
this study. The measurements are performed at a temperature of 150 mK in a magnetic ¯eld, B = 0 - 2 T,
perpendicular to the substrate. (b) Typical pulse waveform obtained by time-domain re°ectometry. (c) and (d)
Average number of tunneling electrons per pulse period
through a GS (hng i, open symbols) and through the same
N ES (hne i, ¯lled symbols). (c) is obtained at B = 1.35
T and (d) is obtained at B = 1.19 T for the same N
electron QD. (e) Transient current amplitude for B =
1.19 T (solid circles) and 1.35 T (open circles). ¿ ¤ is the
characteristic decay time discussed in the text.
Fig. 3 (Color). (a) Schematic setup for the vertical
quantum dot measurement. The measurements are performed at a temperature of 50 mK in a magnetic ¯eld,
B = 0 - 8 T, perpendicular to the substrate (parallel to
the current). (b) Magnetic ¯eld dependence of the dc
excitation spectrum obtained with Vb = -1.5 mV. The
color represents the amplitude of djIj=dV g [blue for negative, white for zero, and red for positive values]. Positive
peaks in the n-th current stripe correspond to electron
injection into GS and ESs of the N = n electron QD. (c)
Magnetic ¯eld (B) dependence of the transient current
spectrum for Vp » 55 mV and th = tl = 300 ns. The
color represents the current amplitude [blue(-0.05 pA) white/yellow (»0 pA) - red (0.1 pA) - black (0.2 pA)].
The negative current is from non-resonant pumping. The
arrow (B = BS¡T ) indicates singlet-triplet transition for
2-electron QD. (d) Position of peaks from dc excitation
spectrum. The lines are deduced from (b). The numbers
in the ¯gure represent the total spin, S, the total angular momentum, M , of (N = n)-electron states. The red
(black) lines are the states which appear (do not appear)
in the pulse-excited current spectrum of (c).
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