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Spin transfer and coherence in coupled quantum wells
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Spin dynamics of optically excited electrons confined in asymmetric coupled quantum wells are investigated
through time-resolved Faraday rotation experiments. The interwell coupling is shown to depend on applied
electric field and barrier thickness. We observe three coupling regimes: independent spin precession in isolated
quantum wells, incoherent spin transfer between single-well states, and coherent spin transfer in a highly
coupled system. Relative values of the interwell tunneling time, the electron-spin lifetime, and the Larmor
precession period appear to govern this behavior.
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The possibility of developing spin-based electronic de-2—3 meV centered around 1.54 and 1.57 eV corresponding
vices has focused recent interest on the study of carrier spitw emission from the 10- and 7-nm-wide wells, respectively.
dynamics in semiconductor nanostructures. In this vein, elecfhe redshift observed for each peak fog<-2.0 V agrees
trical control of electron-spin precession and relaxation rategvell with the Stark shift expected in QWSs of similar
has been achieved in a number of quantum W&W)  thicknesse&® Figure 1b), however, shows evidence of cou-
systems: The accessibility of spatially direct and indirect pling between the two wells in the form @f) a strongly
excitonic states with the application of an external electricsiark shifted indirect exciton peak appearing belbly=
field make coupled quantum welCQW) system$ attractive  _5 g v/ and(ii) a quenching of the higher energy PL peak
for the study of electron-spin dynamics. Extensive researc'fbgether with an increase in the emission intensity of the
has been devoted to indirect electron-hole pairs in CB%s lower energy peak arouridy=0.0 V517 These features con-
e ey couplec, gggpjn'*gr;g firm that sample 7-6-10 with its 6-nm barrier between QWs
cifically engineered CQWs reveal the effect of interwell tun-'i lndehed a COUE.IEd _sysﬁm_w;h a thu_lnnellng r|m7ehz%rtir)
neling on electron-spin coherence. Since the elegjrfactor than the recombination litetimég, while sample 7-20-10,

with its much wider 20-nm barrier, contains two uncoupled

depends strongly on quantum well widthelectron spins in X o . . :
wells of unequal widths precess at different rates. When sucRWS with otherwise identical characteristics. Figure)1

wells are coupled through a tunneling barrier, spin precessioR'OWs @ single PL peak for sample 7-2-10 with a strong Stark

rates are observed to either switch or tune continuously as ¥ift at negative voltages indicating an even shorter value of

function of applied electric field. 7. Tr has been measured to be of order 1 ns in similar
The sample structure consists of a pair of undoped GaAstructures? while 7 is found to be as short as 1 ps for GaAs

QWs with Al;Gag/As barriers grown by molecular-beam CQWSs with 2.5-nm A ;Ga, oAs barriers'®

epitaxy** on top of a low-temperature AlGag;As back gate Time-resolved FR measurements are performed in a mag-

structuré® 1.3 um from the surface. A Ni/Ge/Au/Ni/Au netic field in order to examine carrier spin dynamics in

pad is annealed to contact the back gate, while a semitrans-

parent 1-mr layer of Ti/Au deposited on the sample sur- 1.58

face acts as the front gate. Applying a voltddgacross the 157

gates creates a uniform electric field in the QWs up to

30 kV/cm with negligible leakage curre@iess than 5QuA). s 1.56
A positive value ofUg corresponds to a positive voltage at 2 .55
the front gate with respect to the back gate. Different =

samples are grown with varying well widths and well 1.54
separationsd. Here we shall discuss five such samples:
sample 7-2-10 consists of a 10-nm QW grown on top of a
7-nm QW separated by a 2-nm barrier. Other samples in-
clude 7-6-10, 7-20-10, 8-4-8, and 5.7-3.8-7.7 using the same
naming conv_entlon. Experl_ments are performed_ at 5 _K nNa fG 1. PL intensity plotted on a logarithmic grayscale as a
magneto-optical cryostat with an applied magnetic f&jdn ¢ nction of U, and E;. A CW HeNe laser emitting at 1.96 eV is
the plane of the sample and with the laser propagation pafjseq to excite carriers @,=0T. (& PL from sample 7-20-10
allel to the growth direction. shows two Stark shifted peaks corresponding to the 7- and 10-nm
Figures 1a)—-1(c) show photoluminescen¢®L) measure-  Qws without evidence of interwell couplingd) PL from sample
ments as a function ofJ; and detection energ¥y for  7-6-10(i) reveals a strongly Stark shifted indirect exciton peak, and
samples 7-20-10, 7-6-10, and 7-2-10, respectively. Samplg§) shows the quenching of the 7-nm well PL peak and the corre-
7-20-10 and 7-6-10 in Figs.(d and Xb) show two distinct  sponding greater intensity in the 10-nm well pegk) Sample
PL peaks, each with full width at half maximu@@WHM) of 7-2-10 shows a single PL peak which is strongly Stark shifted.
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CQWs. The measurement, which monitors small rotations in
’ ©) 5 5 7 the Iineat poIari;gtion of Iastar Iight transmitted throggh a
- i 20 sample, is sensitive to the direction of spin polarization of
0 % pressss i e 10~ electrons in the conduction band. By tuning the laser energy
| : : 0e E, near the resonant absorption energy of different
5 | / ) H 102 conduction-band states, the polarization dynamics of these
S 1 pooeee § -20 states can be selectively investigated. A 250-fs 76-MHz
> - | F Ti:sapphire laser produces pulses which are split into pump
F E and probe with a FWHM of 8 meV and an average power of
4 1% f Y%=98V |8 2.0 mW and 10QuW, respectively. The linearly polarized
.]i ”\é,f( u=40v |5 probe is modulated by an optical chopperfat 940 Hz and
a i,-"'-,_.-‘\,rv\ivw & the circular polarization of the pump is varied by a photo-
o =00 © 50 50 elastic modulator af,=55 kHz. Both beams are focused to
At (ps) At (ps)

an overlapping 5Qtm spot on the semitransparent front
gate. Thus, polarized electron spins are injected and precess
FIG. 2. Dependence of time-resolved FR datalipand By in in a perpendicular fiel®,. The time evolution of the spins is
sample 7-6-10(a) FR plotted in a grayscale as a functionl4fand  well described by the expression for FR as a function of
At for Bp=6 T andE =1.57 eV. Note the appearance of only two pump-probe delay,

precession frequencies and the sharp transition between théwo. .

Line cuts of the time-resolved FR data shown(a for U,=-0.8 O=(At) = 6, €22 cod 2y At + @), (1)

and -4.0 V. Insety_ plotted as a function 0B, for two gate volt-

agesUy, Data taken atJ;=0.0 V are shown as crosses and datawhere 6, is proportional to the total spin injected perpen-

taken atU =-4.0 V are shown as filled circles. The solid lines are dicular to the applied fieldT, is the inhomogeneous trans-
linear fits to the data. verse spin lifetimeAt is the time delay between the pump
and probe pulses, and is a phase offset. The Larmor fre-
quency v _=gugBy/h depends on the magnetic fieR}) and
the Landég factorg, whereug is the Bohr magneton arfa
is Planck’s constant. It is important to note that our measure-
ment is insensitive to hole spins due to their rapid spin re-
laxation (faster than 5 psin GaAs/ALGa_,As QWs!®

Figure 2a) shows FR measured in sample 7-6-10 at an
applied magnetic fiel®,=6 T as a function of bottAt and
the gate voltagéJ,. Two distinct precession frequencies ap-
pear, as highlighted by the line cuts at constdgishown in

E, =157 eV U,~0V

E, =158eV

01 0.2 0.3
ll

FIG. 3. (Color). Dependence af factor onUg andd. (a) Fourier
transform of time-resolved FR data measured in sample 7-20-10
plotted on a logarithmic grayscale as a function|gifand Ug at . . . .
Bo=6 T andE, =1.57 eV. Note the presence of tgdactors with a 5 10 15 20
weak dependence dgyy. Schematic band diagrams are shown in the w (nm)
middle and on the right-hand side fafy close to zero and for
negativeU,, respectively. Electron spin is represented by blue ar-

FIG. 4. (Color). Dependence of on QW widthw. (a) Fourier
rows, while holes are shown without spin to illustrate the rapid holetransform of time-resolved FR data measured in sample 8-4-8 plot-

spin relaxation(less than 5 psin these systems. The thick red ar- ted in a logarithmic grayscale as a function |gf and Ug at By
row indicates resonant excitation and detection of FR, while the=6 T andE, =1.58 eV. Note that the factor, |g|=0.105, has no
thin dotted arrow refers to weaker, off-resonant B.Similar data  observable dependence dsy. (b) Similar data are plotted for
are shown for sample 7-6-10, where switching betweendviac- sample 5.7-3.8-7.7 showing continuous tuning frimi0.09, via
tors is observed as a function bf;. Panels on the right-hand-side lg|=0 aroundJy=0 V, and to|g|=0.035. The red dots map the peak

illustrate the destructive effect of incoherent tunneling on the spirposition of the Fourier transform in order to guide the €gg g is
coherence of the lower energy conduction-electron stajeCon-

shown as a function of. Data drawn from work by Snellingt al.
tinuous tuning of they factor is observed in sample 7-2-10 and the are plotted as crosses and a fit to this data is shown as a solid line to

panels to the right schematically depict the electron ground stateguide the eye. Values off extracted from FR data of our five
extending over both QWs. samples for differentv are plotted as filled circles.
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Fig. 2(b), with a sharp transition between the two occurringelectrons excited in the 7-nm QW tunnel into the 10-nm QW
aroundU,=-2V, i.e., at the same voltage as the onset of thebefore recombination. FdJ,<-2.0 V, spin precession from
indirect excitonic peak in Fig.(b). There is an accompany- the 7-nm well disappears and precession from the 10-nm
ing ten-fold drop in the FR amplitudé, as a function of well emerges. In this case, as shown in the right-hand-side
voltage. panel of Fig. 8b), the applied electric field has raised the
The voltage-dependent shift of in sample 7-6-10 is due 10-nm well ground-state energy above the 7-nm ground state
to a change in the measurgdactor as shown in the inset to energy causing the incoherent tunneling to change directions.
Fig. 2b). Here, the precession frequency, obtained by fittingAs a result, spin coherence in the 7-nm well is destroyed and
(1) to data as shown in Fig.(@, is plotted as a function of its corresponding FR signal disappears. The amplitude of the
B, for two fixed voltagesUy=0.0 and —4.0 V. The linear 10-nm FR signal remains small due to the detuning=pf
dependence of both distinct precession frequencieBpn We can further conclude that nedly=-2.6 V, where Fig.
demonstrates the presence of two independgrfactors  1(b) shows that the electron ground-state energy levels of the
(|g/=0.052+.001 and |g|=0.193+.00% whose relative 10- and 7-nm wells are degenerate, incoherent tunneling oc-
weight can by controlled by, curs in both directions resulting in the destruction of spin
The dependence of thg factor on Uy is explored in  coherence in both wells as shown in Figbj3
greater detail in Fig. 3 for three samples with varying well Reduction ofd to 2 nm results in the smooth tuning of
separatiord: 7-20-10, 7-6-10, and 7-2-10. FR data taken atas a function otJ, between the 10- and 7-nm values. In Fig.
By=6 T as a function ofAt andUq [as shown in Fig. @)] 3(c), theg factor is shown to change frong|=0.19 near
are Fourier transformed. Grayscale plots show the logarithn =0 V to |g|=0.05 forUy<<0 V. As shown schematically
of the Fourier amplitude as a function of; and ofg factor  in the right panels of Fig. (3) this behavior corresponds to
|g| (extracted from the precession frequengy. Measure- a system in whichr is shorter than L resulting in an
ments are performed at a laser enekgy1.57 eV resonant electron-spin wave function which effectively spans both
with the 7-nm well absorption. Figurg@ shows the pres- quantum wells. As an electric field is applied across the
ence of the same twg factors in sample 7-20-10g|=0.05  structure, the relative amplitude of the wave function in each
and|g|=0.19, as shown in Fig. 2. Experimental and theoretwell is altered. Since the measurgdfactor is a weighted
ical literature confirms that these valuesgtorrespond to average over the full electron wave function amplitddég
the 7- and 10-nm-wide wells, respectivélySince E, is  is observed to tune continuously between the two single-well
resonant with the 7-nm well absorption and detuned from thealues. Neat;=0 V, the electron wave function amplitude
10-nm well absorption by 20 meV, the Fourier amplitude ofis almost completely contained within the 10-nm well result-
the |g|=0.05 oscillations is observed to be an order of mag-ing in [g|=0.19. ForU,<0 V, |g| approaches 0.05 as the
nitude larger than theég|=0.19 oscillations, which corre- wave-function amphtude shifts to the 7-nm well.
spond to the 10-nm well. Both factors show a weak depen- In order to confirm the role of quantum well width and to
dence onJq corresponding to slightly increased penetrationrule out electron-hole exchange in causing the voltage de-
of the electron wave function into the barriers foiy< pendence of the observedfactor?* experiments were done
-2.0 V2021 As shown schematically in the center and right- on two more structures. Figurga}, shows the Fourier trans-
hand-side panels of Fig(&, the interwell tunneling time-  form of FR data taken d&,=6 T andE, =1.58 eV plotted as
in this uncoupled sample is much longer than either thea function of|g| andUyg (similar to gray-scale plots in Fig)3
transverse spin lifetim&, or the recombination timég. for sample 8-4-8. The data indicate that spin oscillations oc-
The effect of reducingd to 6 nm and thus introducing cur at a single frequency corresponding tdg|
interwell coupling is shown in Fig. (8). Here, a distinct =0.105+0.005 with no measurable dependencéJgnThis
switching behavior is observed between the 7- and 10-nng factor corresponds to the expected valuegofor an 8
well g factors as a function ofJ;. Near U,=0V, spin-  -nm-wide GaAs QW. In addition, the lack of voltage depen-
polarized electrons are excited and detected in the 7-nrdence is expected in our model for a symmetric CQW struc-
well; however, in contrast with théd=20 nm case, spin pre- ture; in particular, we find no evidence for a second excitonic
cession in the 10-nm well is not observed, even at a reducegl factor. A similar Fourier transform is plotted in Fig(}
amplitude. This behavior can be understood qualitativelyfor sample 5.7-3.8-7.7. Here we observe continuous tuning
from the center panel of Fig(B). Since the conduction-band of g as a function otJ, as seen in the highly coupled sample
ground state of the 10-nm well is energetically lower than7-2-10. In this caség| is observed to tune from 0.09 through
that of the 7-nm well, and becaudes sufficiently small that 0 to 0.035 asU, is varied from +1.0 to -2.0 V. Since
7<Tg, electrons tunnel from the 7-nm well into the 10-nm GaAs/ALGa,_,As quantum wells are predicted to have
well. In the process of electron transfer, the energy mismatchegativeg factors forw greater than 6 nm and positive val-
is compensated by acoustic-phonon emis$foAssuming  ues ofg for smaller values ofv,'® we can conclude that this
that 7 is shorter thanT, but longer than a spin precession sample shows tuning of thggfactor from —0.09 through 0 to
period 1/, spin transfers incoherently. Becaugeis un-  0.035.
equal in the two wells, the incoherent tunneling randomizes Experimental data taken from work by Snellieg al!®
the electron-spin polarization in the 10-nm well, thereby de-showingg as a function ofw are plotted as crosses in Fig.
stroying its spin coherence and quenching its FR signal. Thig(c). A fit to their data is shown as a black line in order to
picture is corroborated by the fact that in Figb), around guide the eye. Values @f extracted from FR data of our five
Ug=0V, no significant PL is found from the 7-nm well samples and correlated to the well widths are plotted as filled
while PL from the 10-nm well is increased, indicating that circles in Fig. 4c). From our samples we obtagnfactors of
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0.035, -0.052,-0.09,-0.105, and -0.193 for well widths ofsulting in either the abrupt switching or the continuous tun-
5.74, 7, 7.7, 8, and 10 nm, respectively. The sign of ghe ing of g as a function of an applied electric field. Since the
factors was not explicitly measured, although an educatediidth of each QW determines tlgefactor of electrons con-
guess was made for the purposes of this plot. Figu® 4 fined therein, future CQW structures may be engineered to
shows close agreement of oggfactor data with previous switch between a variety of precession rates, including posi-
measurements @ as a function of quantum well width. ~  tive and negative rates, as observed in Fig)4and even
The experimental data show electron-spin precession in §=0.
fixed perpendicular magnetic field for CQW systems at low
temperature. The effectivgfactor of these structures is seen  We thank F. Meier, Y. K. Kato, and A. Holleitner for many
to depend on which well electrons occupy and on thehelpful discussions, and acknowledge support from DARPA,
strength of tunneling between wells. Spin-resolved measurddNR, and NSF. N. P. S. acknowledges the Fannie and John
ments reveal two distinct regimes of interwell coupling, re-Hertz Foundation.
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