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Transient current spectroscopy is proposed and demonstrated in order to investigate the energy relaxation
inside a quantum dot in the Coulomb blockade regime. We employ a fast pulse signal to excite an AlGaAs/
GaAs quantum dot to an excited state, and analyze the nonequilibrium transient current as a function of the
pulse length. The amplitude and time constant of the transient current are sensitive to the ground and excited
spin states. We find that the spin-relaxation time is longer than, at least, afew
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Electron spin in a semiconductor quantum @@D) has T, through the thick barrier to thigh empty state located in
been intensively studied as a candidate for quantum informane transport windowbetween the left and right Fermi en-
tion storage in the solid state and single spintronics in whichergies, 4, and g, respectively; | =eXI'g;. The current
a single spin state determines the transport through thicreases stepwise when an energy ldseénters the trans-
dot~° Electronic QD's, in which discrete energy states aréport window atug=E;, as indicated by the solid lines. All
filled up with a controllable number of electrons, show vari- the energy states in a QD can be detected in this way, unless
ous spin-related phenomena, including spin degeneracy, exe coupling to the leads is to too weak. We can also estimate
change interaction, spin blockade, and Kondo phySi€s. each ratd's; from the appropriate current step heights.
These conventional dc transport studies measure the overlap The maghetic fieldB) dependence of the excitation spec-
of the dot state to the reservoir. However, the transitiongrym —di/dVg at Vy=—1mV (small incoming rate is
between these dot states, which are responsible for the coghown in Fig. 8a). The GS and ES's appear as positive
pling to the environment, should strongly reflect the charac-

teristics of the states by analogy with the selection rules for
VR

absorption and emission processes in real atoms. Electroni

: . ; ; . (@) — ()

states in a solid are easily coupled to the lattice environment 143 = —30Te
while atomic states couple strongly to an electromagnetic v Pulse gen. 5 £
environment. Theory predicts that the energy relaxation time v, 1 £l

of an excited stat¢éES) in a QD is of the order of nanosec- l—«-—@—L Y| T SR S
onds if the transition is accompanied by acoustic phonon < 510 95 20
emission, provided the spin is neglecfe@y contrast, it — 220 M Time (ns)

should be extremely long if the transition involves a spin ‘ ‘
flip.° Spin conservation during a transition is a selection rule © | ! v
for artificial atoms. Several experimental reports address the i | p L
relaxation QD’s, however, the relaxation is considered to be e lp— !
an electron-phonon interaction without spin fiffy!? | =l

Here we report on a pulse-excited transport measuremer l L u- !

designed to estimate the energy relaxation time from an ES

. . . iy E
time is short(less than a few nsf the transition conserves E, TLe TRe _oe_

. . . . E 4
the total spin, while it is very longmore than a fewus) if —O— ML .e
the transition involves a spin flip. We also find that the spin ™ TRg
state can be investigated using transient current spectroscof " —O— TLg TRe Tpj E. M
because of the spin conservation rule. L Eg —— 7 8 R

MR Eg 7 7

A QD (addition energyE,qq of about 2 meV, single-

particle energy spacing of 100-300ueV, number .Of elec- FIG. 1. (a) Schematic setup for the pulse measurements. All the
tronsN'< 50 Isl\év_?‘lakly coupled to the Ieft.and the right leads measurements are performed at a temperature of 150 mK in a mag-
[seg Fig. 18)]. We made the tunnellr!g rate of the left netic field, B=0-2 T, perpendicular to the substratp) Typical
barrier,T', , much larger than that of the right barriBg by 1 ise waveform obtained by time-domain reflectometey.Sche-
roughly tuning the gate voltage¥, andVg. Fine tuning of  maic pulse train used in the measuremédi—(f) Schematic en-

VR effectively changes the electrostatic potential of the do@rgy diagrams(d) Both the excited statéES) of energyE,, and
allowing us to see one of the Coulomb blockd@8) oscil-  the ground statéGS) of energyE4 become empty before the pulse.
lations, as shown in Fig.(3). If the incoming tunnel rate is (e) The transient current through the ES continues until the GS is
smaller than the outgoing tunnel ratgegative bias voltage, occupied.(f) The stable current through the GS persists during the
V<0, in our experimenjs the current is given by the rate pulse.
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FIG. 2. (a) Single-electron tunneling current for various bias

voltages,V,,. Each trace is shifted by 5 pA for clarityb) Pulse- FIG. 3. (Colon (a)—(c) Color plots of (a) —dl/dVg at V=
excited current for various pulse heiglt,, . Each line is shifted for ~—1 mV (small incoming ratg (b) dI/dVg atV,=1 mV (small out-
clarity. At 1.0 T, the stable curremfthrough the G$see Fig. 1f)] going ratg, and(c) pulse-excited current, at V,=—0.1mV, V,
and the transient currem; through the first E$see Fig. 1e)] are =10mV, andt,/t,=20ns/100 ns. The upper and lower stripes cor-

clearly seen. The upper trace measured at 1.4 T shows no transigiispond, respectively, to tiié+1 andN electron states in the dot.
current.(c) and(d) The average number of tunneling electrons perTo obtain the best contrast in imagés—(c), we multiplied the
pulse,(ng) for a stable current through the G&oen symbolsand  trace at eacl8 by a smoothly varying function d8, and magnified

(ne) for a transient current through the Effled symbols. The the intensity of the lower stripe by a factor of eigkd) Traces of
dashed and the solid lines are fitted to the data with a linear and a@S and ES’s extracted frofa)—(c). The thick linesEjy andEg™*,
exponential function, respectively. Tunneling rates(frare much  represent the GS energies. The thin lines represent their ES’s. The
smaller than that fofd). Conditions:(c) is atB=1.1T for theN dashed line is the upper boundary of the excitation spectrum deter-
+1 electron statdl'g ;=26 MHz, I'g ;=100 MHz, I' /T'x~15) mined by|V,|. The transient current observed near the crosshatched
and(d) is atB=1.35T for theN electron statgI'g ;=1.1 MHz, regions exhibits a long relaxation time. Vertical dot-dash lines, |
I're=4.2MHz, T' /T'g~300. and 11, indicate the conditions used in Figga2and 2b).

peaks, which are plotted separately in Fig)3The orbital ~ P€fore the puls¢Fig. 1(d)], both the ES and the GS for a
characteristics of the states are manifested byRttepen-  Particular number of electrons are located abpyeand g
dence on energy and the current amplitu¢fenagnetic for a sufficiently long period to ensure that these states are
fingerprint”).561The complicated® dependence is a result completely empty. The posi';ive _pulse lowers the poten_tial of
of crossings or anticrossings between different energy statd3€ dot by 100-80QeV, which is smaller thai,qq. This
in the QD. The first ES in thél-electron stripe has the same Means the GS and the ES cannot be simultaneously occupied
B dependence as the GS of thé- 1)-electron stripe. Simi- due to CB. If the potential is lowered so that only the ES is
lar correlations in neighboring stripes betwegr 1 andN located in th? transport windolfFig. 1(e)], transpor.t th“’l%gh
+2, and no even-odd effects due to spin degeneracy are se ES continues until the GS becomes O?CUp'Ed' F|rs_t,_ an
in the spectrum, as reported for low-symmetry JDBven © ectron tunnels into the ES or the GS. with a propabll|ty
though the Zeeman energgabout 20 xeV/T) is much ratio,I' ¢:I'_ 4. If an electron is |nje9ted into the E_S, it can
smaller thanA, many-body effects give rise to the appear-'€/@x 10 the GS, or tunnel to the right lead to give a net
ance of spin-polarized states even in a weak magnetic ﬁekf_urrent. The transport is transient, being blocked once the GS

The energy relaxation from an ES to the GS strongly delS occupied. We chose asymmetric barridrg>I'g, such
pends on their spin states. that an electron can stay in the ES for a long time. Thus, the

In order to investigate the energy relaxation time fromdecay time,r, of the transient current should reflect the en-
such ES’s to the GS, we use a pulse excitation to push thg'0Y relaxation rateW, from the ES to the GS.
system out of equilibrium. We apply a pulse signal to the W& can relater andW from the rate equations,
right gate to modulate the electrostatic potential of the dot
[see Figs. (a)—1(c)], and measure the nonequilibrium tran- uo L _
sient current in the following way. During the steady state arPe= el =pepg) = Trepe™Wpe,
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through the ES from thé&, /e value for each peak curreht
giPe~ Trgt gl (1= pe=pg) +Wpe, @) Figures 2c) and Zd) are the results from different electron
o _ numbers in the dot. For both cases,) depends linearly on
by takmg into account all the tunneling processes ShOWﬁ!p, indicating a continuous current flow. Because tunneling
schematically in Fig. (). Herep. and p, are the average rates are different, the characteristic time scale is different.
electron numbers in the ES and the GS, respectiNely ror the transient curren{n,) shows saturation behavior,

:pg.:O at the beginning of the pulgt(,t 0, and 0< pe+ pg which can be fitted well with the single exponential function,
<1 is satisfied due to OB We obtain a formpg(t)=A(1 ~(1—eY"). Data for a constant duty ratiaf/t, = 0.2) and

—Ftyo— Dt ; ;
~€ )e_ ., assumingl’, >I'g and W<T et g (.V"’.I“d for a fixed repetition time t;=200ns) coincide very well
for the visible current A=T"| o/(I'_ ¢+ 1T ¢) is the injec- [Fig. 20)]
tion efficiency into the ES. The filling raté&;=I" ,+I"| ¢, CT . .
. ; 4 i In principle, W can be derived frond = 1/7 using Eq.(2).
is so large(about 1 GHz in our experimenthate™ "'~0 in . . .
our time domain. The decay rate We can experimentally derive the tunneling ratég,q ar_ld
I're from the dc measurement, blit o/I' j=T'gr/T'rgis
D=W+Tg1—A), ) assumed in order to obtai Thel'g ((1—A) is estimated to
' be about 20 MHz fob =22 MHz in Fig. 4¢), and 0.8 MHz
contains information aboutV. The average number of tun- for D=0.5MHz in Fig. Zd). In both cases and also for most
neling electrons(ne), can be written agne)=/T'repedt  of the ES’s that appear in the transient currfsge cross-
=Al'g (1-e"PY/D, and can be compared with the experi- hatch regions in Fig. @)], W is too small to estimate with
ments described below. this technique, and we can conclude the relaxation time is
In addition to the transient current, we can also measurgynger than, at least, 2s for the ES.
the stable current through the GS as a reference. The ES and gy contrast, if the relaxation is very fagtv>Tp . and
GS become empty before the pulse, and only the GS contrltwtp> 1), the transient current,=eAl'r /Wt , becomes
utes to the stable current during the pUlBay. 1(f)]. Because very small. The upper bound of a measuralfeis 0.2—1
there is no current blocking for the stable current, the avergHz under our experimental conditioisurrent sensitivity
age number of tunneling electron®g), should be(ng)  of 50 fA and shortest, of 10 ng. We find a small transient
=I'g gt current for the specific ESe [see Fig. 8)] at B
We apply a square pulse wave form through a dc block-1 1_1 2T, and estimate the relaxation time to be about 3
(low-frequency cutoff at 700 Hzand a low-loss coaxial ps. This is the only case where we were able to determine the
cable(about 3 m long with a loss 0£3 dB for dc—10 GHZ  actyal relaxation time. Other ES’s missing in the transient
There is no termination near the sample, and the reflecteghrrent spectroscopy can have a shorter relaxation time. Note
pulse, as shown in Fig.(), is more or less the actual pulse that we cannot rule out other experimental reasons for the
wave form at the gate. The rise tintabout 0.2 nsof the  gpsence of other ES’s, namely that the injection efficieicy
pulse is faster thaii_; (typically about 1 n§ so the GSis  can be extremely small, or that the peak is greatly broadened
not immediately occupied. The pulse, whose lengfh,is by the pulse.
varied from 10 ns to 1Qs, is repeated at a repetition time, ~ The relaxation is either too fast or too slow to allow the
t,, and the average current is measured. relaxation time to be estimated by our technique. We argue
Figure 2b) shows one of the CB oscillations under pulsethat the significantly different relaxation times are the result
excitation. The bias voltageVg=0.1mV) is sufficiently  of spin conservation during the relaxation. If the ES and GS
large to saturate the current, but is still small to enhancéave the same spin, the electron in the ES quickly relaxes to
energy resolution. The application of the pulse signal splitshe GS as a result of electron-phonon interactitypically
the single peak into two. Peak corresponds to the stable about 1 ng®!! By contrast, if they have different spins, the
current through the GS for the duration of the pulgg,(and  relaxation time is limited by the spin-flip process. Spin co-
the large peak on the far right is also related to the currenherence time in bulk GaAs can exceed 108, Most of the
through the GS but only for the durationipf-t,,. The extra  spin-relaxation mechanisms discussed for 3D or 2D electrons
peake; is the transient current through the first ES, and itin GaAs are suppressed for 0D states of QD’s. We expect an
appears between the two split peaks when the pulse heighéxtremely long spin relaxation time>10 us) due to a small
Vp,, isincreased further. The spacing between pgaksde;  admixture of different spin stat@sThis is beyond our ex-
corresponds to the energy spacing between the GS and tiperimental limit(a few us), and explains the long-lived ES’s
ES. Each peak broadens with increasifijg Probably thisis  we observed. In this case the long-lived ES should have dif-
due to the weak ringing structure seen in the pulse waveforrferent spins from that of the GS. In our experiment, the Zee-
or heating effects. The pulse signal also induces extra pumpman splitting is small and unresolved. Thus the difference in
ing current, which is very slightly visible between two peaksthe total spin is responsible for the long energy relaxation
in the trace aBB=1.4T in Fig. 2b) [also visible as blue time and for the appearance of the transient current.
region in Fig. 3c)]. We can also confirm the existence of the long-lived ES’s
We investigated the transient and stable currents as qualitatively from the dc currertf, when the outgoing tun-
function of the pulse lengtlt,,. We can obtain the average neling rate is much smaller than the incoming tunneling rate
numbers of tunneling electrons per pulée,) for the stable (simply making the bias voltage large and positive in our
current through the GS, anh,) for the transient current experiment An electron in the ES escapes to the right lead
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either directly at ratd'g , or via the G see energy diagram Although we do not see clear spin-pairing in the GS's,
of inset in Fig. 3b)]. If W>TI'g ., the electrons can always specific ES’s are parallel to the GS's.g., the G and the
escape from the GS. Thus the current is giveneby g, ES¢atB=0.2—-0.6). A parallel pair of the states is likely to
regardless of whether the ES is located in the transport winhave the same orbital character but with different total §in
dow or not. If W<I'g, and I'r #I'r4, the transport due to exchange interactionsActually the ES¢ exhibits a
through the ES can be distinguished from that through theransient current with a relaxation time longer than 70 ns.
GS. In this case, another current step appears, for example, ffie signal in the dc transport with small outgoing tunneling
m=Eg; as indicated in Fig. @). It should be noted that the rate [Fig. 3(0)] also indicates a long lifetime for the ES
magnitude of a current step for the ES is a complicated functhis evidence supports the idea of spin conservation.
tion of the tunneling rate¥, and a simple Qiscussion based Conversely, the QD spin state can be investigated using
on the dc current can sometimes be unreliable. Neverthelesgynsient current spectroscopy based on the spin conservation
we believe that a qualitative analysis of the dc characteristic e The transient current has a long time constant for the
is useful if the tunneling rates are adjusted properly to diSyirst ES if it has a different total spin from the GS, and also
tinguish the spin states. Tit& dependence of the Spectrum generally for the higher ES if it has a different total spin
di/dVg at V=1 mV [Fig. 3b)] is almost the same as that fom any lower-lying states. We see some long lived ES's
found from tran5|e_nt c_urrent spectroscoffyig. 3(c)], al- cross with the GS(e.g., the statef becomes GS aB
though the peaks in Fig.(§ are broadened by the pulse _g g7) indicating that the total spin of the GS changes at
irradiation. . this B. The simple spin-conservation model, however, cannot
We can speculate on the characteristics of the energyynain the level crossing itself. The long-lived ES's are
states from theiB dependence summarized in FigdB At gometimes terminated by a crossing with the GS or with
B=12-2T, where egge states are developing in the dotynqiher(short-lived ES. If the total spin does not change at
some statesa, B, y, B’, ', andd') are energetically de- he crossing, the long-lived ES’s should also remain, but this
creasing with increasing. These states can be assigned t0j5 ot the case. The problem of sensitivity must be studied
the lowest. Landau level, although they have different angusrther.
lar - momentum (slightly ~different slopes in theB In summary, we investigated the energy relaxation time of
dependence® Some of the ES'YB and y') have an ex- Egs in QD's using a pulse-excitation measurement. We
tremely long relaxation timgFig. 2(d) is taken for the state ¢5nq that the spin-relaxation time is longer than, at least,

patB= 1-3581_]' even though the GS and the ES are spatiallyte\y ;5 which is attractive for spin-related QD applications.
overlapped?® It has been reported that the relaxation time is

long if the two states are spatially separafesr when the We thank D. G. Austing, A. V. Khaetskii, L. P. Kouwen-
two states are attributed to different edge statéSput this  hoven, K. Muraki, M. Stopa, and S. Tarucha for valuable
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