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The generation dynamics of a resident electron spin pocareful analysis of the spin precession, the excited elec-
larization involve the formation and transformation of tron heavy-hole pairs show the unique spin dynamics
the associated optically excited states depending on thevhen the excitation energy is increasing past the neu-
excitation photon energy. Initial phase shift in the pre- tral exciton resonance. Meanwhile, the negative initial
cession of a resident electron spin polarization gives thegphase shift becomes significantly large in magnitude.
important clues to reveal the interplay between the assoThe larger initial phase shift and the unique precession
ciated excited states and resident electrons. In this workiraces are caused by the transformation from neutral ex-
the excitation energy dependence of the initial phasecitons to negative trions with accompanying the hole
shift in Kerr rotation of a resident electron spin polar- spin-flip. The exciton-to-trion transformation time is es-
ization is investigated in a CdTe/ggsMgg.15Te single  timated experimentally to be160 ps.

guantum well under a low magnetic field. Through the

Copyright line will be provided by the publisher

1 Introduction Resident electron spin polarization (trions) and the spin coherence is not limited by the fast
(RESP) in semiconductor nanostructures has attracted comecombination process.
siderable attention as one of key components in potential Importantly, the initialization of the RESP by resonant
application of spin degree of freedom to electro-optic de-absorption of circularly polarized pulses is essentially dic-
vices and quantum information processing [1-4] as well agated by the instantaneous formation of a trion stétg (
in fundamental academic studies. Compared to the chargwhich is a negatively charged exciton which consists of
based devices, the spin-based electronics or the semicotwo electrons with the paired spins (singlet state) and one
ductor spintronics have the potential to yield new devicehole [5]. In the past several years, the important role played
functionalities, to overcome the shortcoming of heatingby trions for the properties of RESP in the quantum wells
and power consumption, and to improve the performance$QWs) has been highlighted [6,7]. It is also important to
with non-volatility and the increased data processing speethave the correct scenario of the role of neutral excitons
in future applications. These applications could benefit(X°), which allows for better control and study of the
from a long spin coherence of the RESP. Because therion spin dynamics and RESP formation [5, 8]. However,
RESP can exist after the recombination of the associatedather few groups have investigated the action of the photo-
optically excited states such as negatively charged excitonereated electron-heavy holes/h) pairs on RESP in QWs
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2 L.-P. Yan et al.: Excitation energy dependence of initial phase shift in Kerr rotation

systematically. The effects of the exciteehh pairs are
easy to be neglected due to their short lifetime [9]. How- ! @hh g o
ever, we cannot rule out the potential influenceeeih (g)e ¢
pairs on RESP, even though the exciton formation and
transformation to trion make the RESP dynamics rather
complicated. We have observed and analyzed the initial
phase shift (IPS) phenomenon of the time-resolved Kerr
rotation (TRKR) signals of the RESP component at time
origin (¢t=0), as shown later (Fig. 1) [10]. Since the IPS
gives the important clues concerning the generation pro-
cesses of RESP, we consider that the experimental and the-
oretical studies of IPS play a crucial role in the study of e L ale—
RESP. 1.605 1.610 1.615

In this work, we investigate mainly the distinct nega- Photon energy (eV)
tive IPS in a temporal evolution of the RESP with different
photon energy in a CdTe single QW (SQW) using a TRKR

tecflr;g;e.jcqzizconslsgt; of (tjhteh |so';(r)]pes_ V\f&a=1/2,_th CdTe/Cd.ssMgo.15Te SQW measured under continuous
Pod=2070, T‘;]_ » PTe=070 anl € other 1so OpeT WItN 5ptical excitation with the photon energy of 1.650 eV at 10
Icq,re = 0, wherel;, p; are nuclear spin and natural abun- - Negative trions T) and neutral excitonsX°) are clearly

dance of the isotop&e respecti\_/ely. Therefore, CdTe is one separated by a trion binding energy of 2.3 meV. The dashed
of the attractive compounds in terms of smaller effects ofjine indicates a fitting by Lorentzian shaped spectra. The upper

hyperfine interaction and quadrupolar interaction inducedjystrations are the examples @fand X°.
by strain due to small abundance of the isotopes with one-
half nuclear spin, compared to IlI-V semiconductors such

as GaAs and InAs [11]. dependent time-resolved PL measurements using a streak
Both the exciton spin relaxation and the transforma-scope, the recombination timesBfand X ° were found to
tion from X° to T have been taken into account in our pe relatively short{85 ps and~89 ps, respectively).
model, and the transformation time could be deduced from |, this experimental report, the dynamical evolution of
the measurements. Through the analysis and interpretatiofye created RESP and the interplay with trions and excitons
of RESP temporal evolutions, the contribution of theh \vere investigated mainly via the excitation energy depen-
pairs to RESP dynamics has been estimated under a loyence using the TRKR technique. A circularly polarized
applied magnetic field. pump pulse was incident along the QW growth direction
() and the created carrier spin polarization was monitored.
2 Experimental procedure  The sample used in this A magnetic field was applied in the-direction (Voigt ge-
study was a nominally undoped CdTe{GeMgo15Te  ometry). In this case, the spin polarizations were prepared
SQW with a well width of 100A grown by molecular-  orthogonal to the applied field and started to precess with
beam epitaxy on a (100)-oriented GaAs substrate. Theé.armor angular frequenay, 15 B,/ in they-z plane im-
resident electrons are supposed to be localized in the welhediately after optical initialization. Heregy, is an in-
with a density ofn.~2 x 10'° cm~2, which was estimated plane electrorg-factor andus is a Bohr magneton~58
from the relation betweerX® and 7" oscillator strength  ,eV/T). The value forg, =—1.468 + 0.003 of this sam-
in the reflectivity spectra [12]. The resident electrons canple was found in our previous study [11]. Since the pump
interact with optically injected-hh pairs to form negative  and probe beams are in thez plane that is orthogonal to
trion states. The n-type doping and the formation of neg-the spin precession plang-¢ plane), any extrinsic initial
ative trions were confirmed by TRKR measurements [10,phase shifts of the electron spin precession, for instance,
13]. due to an oblique incidence of the pump pulse [14], do not
Figure 1 shows the photoluminescence (PL) spectraarise.
measured under a continuous excitation with a photon en-  Both pump and probe pulses were supplied by a mode-
ergy of 1.650 eV at 10 K. The PL spectra can be fittedlocked Ti: sapphire oscillator with a pulse widtheR ps
well by the sum of two Lorentz functions, corresponding and a repetition rate of 76 MHz. The spectral width of the
to the negatively charged trion resonant transifiofat the ~ pump and probe pulses{ meV) was narrower compared
low energy peak: 1.6110 eV) and the neutral exciton reso4o the trion and exciton spectra as shown in Fig. 1. Simi-
nant transitionX® (at the high energy peak: 1.6133 eV). lar to a standard TRKR setup, the linearly polarized probe
Those are clearly separated by the trion binding energyulse with a controlled delay time samples the carrier spin
of 2.3 meV, which is beneficial to the selective excitation polarization in the central area excited by a pump pulse. A
of trions or excitons. The trions are generated through theerr rotation of the probe polarization was measured sen-
lowest-energy optical transition in the system. From the in-sitively by using a polarization bridge and double lock-in

PL intensity (A.U.)

T

Figure 1 (Color Online) PL spectra of the studied
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| | T T T l I trion (1J.4}) with an angular momentum of -3/2. At this mo-

Remaining ment, the resident electron ensemble loses the spin balance.
B ;ﬁ‘;ﬁ‘z’g‘gg“t 7 Meanwhile, a nonzero net RESP comes out along the light
2 ~ Combined spin | propagation direction. After the trion recombination (the
® =0 Rjgélt?é?lg recombination timer”'~85 ps), the remaining electrons
i 1 i ®B | return to the resident electron ensemble and can change

RESP ((Il) in Fig. 2). Depending on the hole spin-flip time,
the trion lifetime, and the precession period (Larmor fre-
guency), the amplitude and phase of the TRKR signals
originated from RESP may change intricately [10]. Since
- the lifetime of the trions is less than 100 ps, the oscillatory
dumping component with a long coherence in the TRKR
signal can confidently be associated with RESP. Note that
the negative trions indicate a simple decay due to the short
lifetime without a spin-precession since the total in-plane
g-factor of the negative trion is zero in a QW. Also, since
the pulse width£2 ps) is much shorter than the precession
Figure 2 (Color Online) A TRKR signal (open circes) and ts Penioc, o' RESP: (e spin otation during the pulse can be

fitting curve of the RESP precession (solid line) in the case of the s . . .
trion resonant excitation (189 mT and 10 K). Insets show the IPSnant excitation and the first observation of the negative IPS

generation processes: (I) The SQW is polarized with remainingare Se;[jallecri]m th_e prewoufs stu_dy [10]h | f .
+1/2 electrons by a~ excitation; (I1) After the trion recombina- nder the existence of excitons, the electrons of exci-

tion accompanying by hole-spin flip, the returning +1/2 electron {ONS Should affect the TRKR signals. As a result, a typical
contributes a combined RESP, resulting a phase-shift correspond2XPerimental TRKR signab’ () can be described gener-
ing to the initial spin polarization; (l1l) The negative IRSof ally by the following function:

RESP is shown by a backward temporal shifto, =-19.6 ps. S.(t) = ATexp(—t/TT) + AX’hexp(—t/TX’h)

Remaining spin

Kerr rotation (arb. units)

1 1 L 1 L
0 500 1000 1500 2000 2500 3000

Time (ps)

+ AX"eexp(—t/TX’e)cos(th + ¢o)

detection technique. Based on a reported diffusion constant + A%exp(—t/7)cos(wrt + §), 1)

of T andX? (D~ 10 cn?/s) at 10 K [15], we assumed rea- where the coefficientst” AX<( and A€ are the am-
sonably that the exciteq carriers CO.UId not escape out of %Iitudes of trions’ holes ,excitons,’ electrons (holes), and
probed spot{100-m diameter) during thg ob_served time RESP:T, 7 X.e(h) andTe’ are the corresponding total ’spin
range ¢-3 ns). Therefore, the electron diffusion was not lifetimes; wy, is the elei:tron Larmor angular frequency;

taken into account in this study. ¢o is the relative phase shift of the exciton precession,

The probe power was fixed at 0.3 mW and the pumpgng 4 is the IPS of the RESP precession. The total spin
power closes to 8 mW. The QW sample was mounted in afjitetime of the electron-in-excitorr*-¢ includes the re-

optical cryostat and the temperature was keptE0 K. In  compination timerX, the time of exciton binding into a
order to detect the initial phase of RESP precession clearlyyjon 7., and the spin relaxation time¥:< (i.e.1/7%¢ =

we used a relatively low magnetic fielet200 mT). 1/7X + 1/7. + 1/7). Since there is no change of the
_ . trion complexes to excitons, the excitons could be gener-
3 Results and discussion ated only at the very time of the photon excitatiar().

3.1 Initial phase shift Here, we explain the IPS of Therefore we can conclude thg=0. It is noted that the
the spin precession briefly for the trion resonant excitationfirst, second, and third terms in Eq. 1 disappear rapidly due
case at the beginning. The narrower spectral pulse comto their short lifetimes+10 ps,~10 ps, and<100 ps, re-
pared to the trion spectrum and the large binding energyspectively). The evolution of the first three terms is difficult
allow the excitation of the negative trions selectively. Then,to capture, while the fourth term remains over the range
under as~ pulsed excitation tuned at 769.7 nm (trion res- of a few ns. In the case of Fig. 2, the exciton component
onance), a typical TRKR signal and the fitting curve of the is negligible since the QW was excited selectively at the
ensemble spin precession are obtaineB,at189 mT and  trion resonant transition. Thus, the TRKR signal can be fit-
10 K as shown in Fig. 2. In the case of the trion resonantted safely by the fourth term of Eq. 1 over the time range
excitation, the RESP generation process is relatively sim-of ¢t=0.3-3 ns. For the fitting curve, the extrapolating back
ple as follows; thes~ polarized pulse at = 0 can gen- to zero time delay#0) can be seen as the time delay of
erate thee-hh pairs () selectively ((1) in Fig. 2), where RESP generation or the temporal skgiftv;, (=-19.6 ps) of
1 ({) indicates the up-spin electrons (down-spin holes).the time origin as indicated in the inset (Ill) of Fig. 2. The
Eache-hh pair captures one electron with opposite sgin (  temporal shift can be converted to IPS=-0.47 rad. There-
from the resident electron ensemble and forms a negativéore, the initial phase of the RESP precession plays out a
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Figure 4 (Color Online) The excitation photon energy depen-
Figure 3 (Color Online) (a) TRKR signals for different excitation dence of IPSs. The solid line is a guide for eyes. The blue and
energy (189 mT, 10 K). Two traces with the thick lines correspondgreen dashed lines are used to mark the resonant transition ener-
approximately to the trion and exciton resonant conditions, re-gies of trion (") and neutral excitonX °), respectively. The upper
spectively. (b) A typical TRKR signal (blue) and the fitting curve figure is the PL spectra at 10 K.
of the electron spin precession (red) at 1.6140 eV (189 mT, 10
K). (c) A TRKR signal (green) at 1.6140 eV (0 mT, 10 K).

by an arrow) in this typical signal. The excited initial signal

slightly negative IPS according to this experimental result.(x° 1)) by ac~ pulsed excitation is defined as positive
The negative IPS is very interesting because it requires thes, — §; > 0) att = 0 (thus,S; < 0 andS; < 0). The
asymmetric hole spin-flips, which was confirmed by somesignal goes down to below the balanced level largely from
measurements such as the power dependence of an addie initial spin polarization within tens of picoseconds.
tional pump pulse and so on [10]. That is due to the spin precession of the electron-in-exciton

3.2 Excitation energy dependence of IPS  Inthis  (partly from?to| ) and a quick spin asymmetric relaxation
report, we have performed the TRKR measurements whenf the heavy hole-in-exciton (frord to 1)) which happens
the excitation photon energy was scanned from 1.6059n trions as discussed in the former report [10]. After the
eV (lower than the trion transition) to 1.6164 eV (higher point marked by an arrow, the TRKR signal rises again
than the exciton transition). Some of the TRKR signalsgradually due to the recombination of the transformed tri-
are shown in Fig. 3 (a). For an easy view, the time originons and excitons. Concretely speaking, the recombination
(dashed line) of each signal is shifted in the figure. Accord-of trions returns the electrons back to the resident electron
ing to these results, we can see the contribution features ainsemble to create additional RESP at later times. The sub-
the trions and excitons to IPS of RESP over a large rangsequently created RESP induces a negative IPS and raises
of the pumping photon energy. The maximum amplitude ofthe spin polarization integrated throughout the entire trion
the RESP signal was obtained at the trion resonance. Sedifetime.
from the figure, some unusual features in the range of 0-
200 ps have been observed around the exciton resonancg;
where there is an extremely fast downward decay and a

upswing. _ amplitude AX¢[1.6140 eV]84.2) could correspond to
_An example of the unusual TRKR signal measuredq re|ative number of photo-generated excitons with a de-

with a pump power of 8 mW at 10 K il3,=189 mT iS ¢4y fimer¥X.¢[1.6140 eV](~57.6 ps). Under the same ex-

displayed in Fig. 3 (b) (not shown in Fig. 3 (a)) and its fit- .jation condition, another TRKR signal obtained after re-

ting curve by the third and fourth ter_ms_ of Eq. lis added in oving the transverse magnetic fighd is shown in Fig. 3

the range of 0.3-3 ns. Here, the excitation energy was tunegy The total relative number of resident electrons after that

to 1.6140 eV which was a little higher than the exciton res-j ey citons decay to trions should be estimated as its fitted

onant transition energy. No directly-generated trion can belong-living RESP. Therefored(1.6140 eV)(15.3) was
assumed due to the exciton resonant excitation with a low,y:=:n o4 from the fitting b)S;(t) = AXexp(—t/7%) +

power excitation. For all the analyses below, the conditionAeexp(_t/Te) for the range of 0.6-3 ns in Fig. 3(c). Then
2mjwy > TrT(if)) is applicable. As shown in Fig. 3 (b), the ratio between the exciton-to-trion transformation time

there is a clear fast drop close to the time origin (markedr, and the electron-in-exciton spin lifetime®-¢ would be

To extract the time and relative amplitude of the short-
ng precession component in the signal, the oscillatory
rﬁBart of this TRKR trace has been fitted. Then, the relative
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(@) N of electron are skipped in this diagram. The electron-in-

| KA exciton spin and the electron-in-trion spin are in the circles
ol
A @P'efmfon@ ‘® PR pacan) In the figure, we describe that the excitons and trions

are excited at the same time origirFQ) corresponding to

the exciton resonant and trion resonant excitations, respec-

{,H,}P\, tively. In the case of the trion excitation (Fig. 5 (b)), the

same amount of spin polarizatidfy for RESP and trions

are created instantly after the excitation [10]. On the other

(b) ha_nd, in the case qf th_e photo—generated neutral e_xcitons

1 f[ Precession f i (Fig. 5 (a)),_ a certain time interval ofit (<_< 7/2wr,) is

' : necessary in order to affect the RESP since the excitons

MV N » have to capture resident electrons with a proper spin ori-
A entation and transform to trions with the same amount of

| Pol.

During the intervalAt, both the electron-in-exciton
spin polarization and the RESP (the hollowed arrows
in Fig. 5 (a) and (b), respectively) experience the pre-
cession by the phase afy At under the transverse
magnetic field. Therefore, the spins of the electron-in-
all excitons would be composed of the and the |-
components. At the same time, the heavy hole-in-exciton

with the solid and dashed lines, respectively.

o

Figure 5 (Color Online) Simplified electron spin dynamics: (a)
The first RESP formation from the photo-generated excitons; (b)
The first RESP under trion resonant excitation. The electron-in-
exciton spin and the electron-in-trion spin are in the circles with
the solid and dashed lines, respectively.

estimated to be [16] spins have been asymmetrically flippe¢1) as do tri-
ons in this QW [10]. Since the holes have no spin pre-
7o )75 = A% /24° = 2.76. (2) cession, they always induce the returned electron spin as
a net spin-up or spin-down, never as the superposition.
Assuming thatrX, 7. < 72%¢ and usingl/r%¢ = Then, the left unpaired resident electron spins from the

1/7X + 1/7 + 1/75¢ with the above relation, we work above excitons binding to trions are made up of the
out the exciton-to-trion transformation time~157 ps  part: cos(wr, At/2)Py and the |-part: sin(wy, At/2)Fp.
and electron-in-exciton spin lifetime®-¢~57 ps, which  In other words, the formed RESP is represented by
agrees well with the fitting parameter above‘¢ ~57.6  P¢(At) = {cos(wrAt/2) — sin(w, At/2)} P, and just
ps). In the past work, the direct transformation from ex- starts to oscillate with the electron Larmor frequency all
citons to trions has also been proved by the PL and PLover again at = At along with the evolution form of
excitation experiments [17]. |cos(wr,At/2) — sin(wp At/2)] Py cos{wy(t — At)}. Ob-
Figure 4 summarizes the corresponding IPSs of RESPiously, ¢ (At) lets the phase shift back{At) to zero
precession which are displayed by the solid circles througtt? = At and is considered to induce an initial phase shift
fitting the TRKR signals for the excitation energy in the —wLAt att = 0. That is why the precession trace seems
range of 1.6059 eN1.6164 eV (772.2 nm767.1 nm). As  tO start at another time off the real time origin, as seen in
shown from the trend of IPSs indicated by a solid line, theFig. 3 (b). Nevertheless, we know the component RESP
negative IPS is almost constant-0.40 rad) with varying  Fe (At) immediately starts to precess after formation and
the excitation energy from 1.6059 eV to 1.6126 eV aroundProceeds smoothly in Fig. 5 (b). Thug (At) could not
the trion resonance, in which case the trion spin dynamic iontribute any initial phase shift. In brief?(At) lags in
dominant. However, the negative IPS of RESP suddenly inPhase, which is the main reason of a larger negative IPS
creases to -0.83 rad when the photon energy reaches 1.6139 the exciton excitation.
eV just after passing over the neutral exciton resonance.
Subsequently, the absolute value of the negative IPS con- 4 Conclusion In summary, we systematically inves-
tinues to raise with the increasing excitation energy. Aftertigated the negative IPSs in the TRKR traces of RESP un-
ruling out other possibilities, the excitons are supposed taler a low magnetic field. According to these results, the
be formed and then to decay to some negative trions as wedlignificant role played by-hh pairs on the IPS has been
as to create the later additional RESP. indicated. Even there is no substantial change in the IPSs
Finally we summarize the RESP dynamics and the ori-induced by trion spin dynamics under the low intensity
gin of the larger absolute IPS in the case of the excitonexcitation. By extending the excitation energy beyond the
excitation. Figure 5 shows the different spin evolution be-trion transition regime, the absolute value of negative IPS
tween the electron-in-exciton spin (Fig. 5 (a)) and residentbecomes larger and larger with increasing the excitation
electron spin after trion generation (Fig. 5 (b)). For the energy. This is because the newly formed RESP rewinds to
simplicity, the heavy hole spin dynamics and the spin-flipsthe beginning after the transformation frotf to T'. In ad-
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dition, the transformation time frotX© to 7" was deduced
from the careful analysis of TRKR signals. More impor-
tantly, these clear effects of excitons and the dynamic phys-
ical picture of IPS are important for studying and control-
ling the electron spin dynamics in semiconductor nanos-
tructures.
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