
Pis'ma v ZhETF, vol. 94, iss. 12, pp. 934 { 938 c 2011 December 25Inuence of electron localization on the spin dephasing anisotropyin bias GaAs/AlGaAs coupled quantum wellsA.V. Sekretenko, A.V. Larionov 1)Institute of Solid State Physics RAS, 142432 Chernogolovka, RussiaSubmitted 17 November 2011Electron spin dephasing anisotropy is studied in GaAs/AlGaAs coupled quantum wells by means of a time-resolved Kerr rotation technique. It is found that the spin dephasing rate is strongly dependent on magnetic�eld and is signi�cantly anisotropic in the quantum well plane. The presented theoretical model describes theexperimental results by taking into account both the electron g-factor spreading and the irreversible electronspin relaxation which are caused by the electron localisation. The suggested theoretical description is in agood agreement with experimental data.A lot of spintronic investigations deal with a con-trol of electron spin decoherence and relaxation rate bymeans of electric and magnetic �elds, temperature andstructural features of semiconductor nanostructures [1].It is also necessary to know spin relaxation mechanismand as far as possible to a�ect it. The main mecha-nism of spin relaxation in GaAs based quantum wells(QWs) is the D'yakonov{Perel' kinetic mechanism [2].It is caused by the lack of inversion centrum: i) in thebulk semiconductor of which the system is made (bulkinversion asymmetry, or BIA), ii) in the heterostructure(structure inversion asymmetry, or SIA) and iii) in thechemical bonds at heterointerfaces (interface inversionasymmetry, or IIA) [2{4]. SIA can be caused by an ex-ternal electric �eld or by deformation, BIA and IIA de-pend strongly on a size of carrier con�nement. Thereforespin relaxation times can be controlled by gate voltageor by special heterostructure design.Earlier it was theoretically predicted [5] thatanisotropy of electron spin relaxation could be observedin III{V nanostructures grown along the axis [001].It has been demonstrated that the lifetimes of spinsoriented along the axes [110]; [1�10], and [001] are dif-ferent. In particular, by changing the relation betweenSIA and BIA one can achieve a total suppression ofrelaxation for the spin oriented along one of [110]axes. Detailed calculations [6] con�rmed that thespin relaxation anisotropy exists in real semiconductorheterostructures. The implementation of such idea tocontrol spin relaxation times gives new opportunities forspintronics. The mentioned anisotropy was observed inseveral experiments [7{9].Among the quasi-two-dimensional objects based onsemiconductor heterostructures, coupled quantum wells1)e-mail: larionov@issp.ac.ru

(CQW) with bias are of special interest because theyprovide spatial separation of photoexcited electrons andholes in neighboring quantum wells. GaAs/AlGaAsCQW with bias allow one to tune the electron-hole over-lap integral through the tunneling barrier height andhence to control the electrons escape from a quantumwell due to radiative annihilation with holes. Addition-ally, such nanostructures are capable of a�ecting thestructure inversion asymmetry, which is useful for con-trolling the electron spin relaxation mechanism [10].In reality all the semiconductor heterostructures havedi�erent types of crystal imperfection { residual im-purities, interface uctuations and others which causerandom potential uctuations. This results in the lo-calisation of electrons in the quantum well plane. Itwas recently shown that localized and nonlocalized elec-trons can have dramatically di�erent spin dephasingtimes [11]. In addition authors of Ref. [12] have dis-covered that the carrier localization leads to the satura-tion of spin relaxation times at 45 ns for electrons below4.5K and at 2 ns for holes below 2.3K in a n-doped(In,Ga)As/GaAs quantum well.Our previous study [10] has demonstrated that an ex-ternal bias is capable and powerful tool for the e�ectivespin-orbit splitting control in CQW. It was shown thatone can test and control spin-orbit splitting by means oftracking the spin anisotropy. The goal of the presentwork is to investigate experimentally the inuence ofthe electron localization on the spin dephasing timeanisotropy in GaAs/AlGaAs CQW heterostructures.The sample with GaAs/AlGaAs CQW was grownby molecular-beam epitaxy on [001] oriented GaAs sub-strate. The CQW consists of two GaAs quantum wells(� 120 �A wide) with a narrow (4 monolayers) AlAs bar-rier between them. They are separated from surround-ing layers by 1500�A thick Al0:33Ga0:67As barriers. The934 �¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 11 { 12 2011



Inuence of electron localization on the spin dephasing anisotropy : : : 935bottom gate was formed by a 250�A wide QW �-dopedwith Si, and the top one { by a 180�A thick semitrans-parent Au layer deposited on the structure forming aSchottky barrier.The electron spin dephasing time was measuredby means of the time-resolved Kerr rotation technique(TRKR). For details see, e.g. [10]. Ten picosecondTi:sapphire laser was used as a source of pulsed pho-toexcitation. In addition to the laser pump beam mod-ulation, the probe beam amplitude was modulated by achopper at 300Hz to reduce the inuence of the scatteredpump beam on the measured signal.The sample was placed in an optical cryostat (Voigtgeometry) with a solenoid up to 6 T at 2 K. The designof the sample holder is suitable for a precise varying thedirection between the magnetic �eld and the crystallo-graphic axes with an accuracy of 1 degree. A used powerdensity of photoexcitation was P = 25W/cm2.A set of time-resolved Kerr rotation curves detectedin a magnetic �eld of 1T is presented in Fig. 1a for the
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Fig. 1. (a) { TRKR-signal for di�erent applied biases. Spindephasing time (b) and gxye (c) are measured for two an-gles between magnetic �eld and axe x k [110]. Solid anddashed lines are guides for eyesdi�erent bias U(V). The energies of the pump and probepulsed laser beams were the same and were set to themaximum of the photoluminescence line (PL) contourcorresponding to radiative annihilation of the 1sHH-ex-citon. The observed periodic oscillations are due to theprecession of coherently excited electron spins aroundthe external magnetic �eld, which (from a quantum-mechanical point of view) corresponds to quantum beats(QBs) between spin-splitted states of the Zeeman dou-blet. The period of the oscillations is proportional to theelectron spin splitting �E in the conduction band. The

time-resolved Kerr rotation technique is not sensitive tothe sign of g-factor, but allows one to measure the g-factors absolute value in the quantum well plane (gxye )with high accuracy, as the precession Larmor frequency~!L = �E = �Bgxye B.The observed signal is �tted by exponentiallydamped oscillations containing the beating frequency 
and a single decay time:I = I0e�t=T cos(
t+ �); (1)where T { spin lifetime, 
 = �Bgxye B=~ { the electronLarmor frequency, gxye { the in-plane electron g-factorabsolute value.As a result of such �tting the dependences of electronspin dephasing time (T2) and gxye vs. applied bias wereobtained that is shown on Figs. 1b and 1c, correspond-ingly. The lower scale here corresponds to the Stark en-ergy shift between 1sHH exciton levels in the neighbour-ing quantum wells (see, e.g. [13]). In the studied CQWthe electron-hole recombination time is much longer thenthe measured time (�rec � T2). It means that we dealwith the electron spin dephasing time according to ex-pression: T�1 = T�12 + ��1rec [10]. The inuence of holeson the Kerr rotation signal is neglected due to the shorthole spin dephasing time (of the order of 10 ps).One can see that the spin dephasing time is stronglynonmonotonic at applied bias. It can be caused by anonmonotomic dependence of spin-orbit splitting due toRashba and Dresselhaus terms interference [10]. Thedi�erence in the spin dephasing times for two mutuallyorthogonal directions of magnetic �eld and axis x k [110]can as well be attributed to this interference. The de-creasing of gxye vs. applied bias, in turn, reects the de-creasing of quantum well con�nement [14].Additionally we performed the detailed measure-ments of the spin dephasing time as a function of externalmagnetic �eld. A typical magnetic �eld dependence ofthe TRKR-signal is shown in Fig. 2a for the two laserphoton energies corresponding 1sHH exciton and trionPL-lines maxima (see Fig. 2b). In contrast to magnetic�eld dependence in n-i-n CQW-structure [10] one cansee in Fig. 2a a strong drop of the spin dephasing timewith increasing magnetic �eld. We attribute such be-havior to the electron g-factor spreading caused by therandom potential uctuations and discuss in details be-low.Due to the narrow laser line width (0.1meV) wecould tune the laser along the PL-line contour with aspectral resolution of 0.2meV. The measured spin de-phasing time demonstrates a strong wavelength depen-dence similar to that observed in [11]. A typical TRKR-spectrum is presented in Fig. 3. When the laser is tuned�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 11 { 12 2011
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Fig. 2. (a) { TRKR-signal in magnetic �eld of 0.5, 1, 2and 4T. Laser energy ~!laser = 1:5520 eV. (c) { Spindephasing rate (T�12 ) dependence vs. magnetic �eld fortwo laser photon energy, corresponding to 1sHH exciton(1.522 eV, dark symbols) and trion (1.521 eV, open sym-bols) PL-lines maximum (b). Solid lines correspond to the�tting by Eq. (2). The exciton and trion PL maxima aremarked by letters, U = 0:0V (�E = 17:5meV)
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Fig. 3. (a) { Laser photon energy dependence of the TRKR-signal. Spin dephasing time dependence along PL-line con-tour. (b) { gxye dependence along PL-line contour. (c) {TRKR-signal amplitude (symbols) and PL-intensity (solidcurve). The exciton and trion PL maxima are marked withletters, U = 0:0V (�E = 17:5meV), B = 0:75 Tfrom higher to lower energy, the beatings amplitudereaches its maximum at the 1sHH exciton PL maximumposition. Then the amplitude drops and the signal disap-

pears. At the trion PL the beatings are observed again,but with the opposite phase according to [15]. Here, themaximum amplitude corresponds to the trion PL max-imum. No TRKR-signal is observed at other energies.The spin dephasing time has two maxima: at the 1sHHexciton PL maximum and at the red edge of the trionPL, the latter being much more pronounced (�Ts � 4:5nsand �Xs � 2:5ns).Thus we can suggest the following explanation of thespectral dependences. The trion oscillator strength is di-rectly proportional to the concentration of electrons withthe corresponding spin projection (see, e.g. [15]). Whenthe probe beam is turned to the trion resonance the re-ections for two orthogonal circular polarizations are dif-ferent. This way the Kerr rotation signal is formed. Itssensitivity to the spin of the electrons with a speci�c lo-calization energy depends on the di�erence between theprobe beam energy and the electron localisation energy.On the other hand, the TRKR-signal at the 1sHH excitonenergy position is determined mostly by the scatteringof excitons on free carriers. It means that the chang-ing of laser beam energy allows one to probe di�erentlocalized (or nonlocalized) electron states.The spin dephasing time in the studied CQW, aswell as in the n-i-n CQW [10], is found to be depen-dent on the magnetic �eld orientation in the structureplane (Fig. 4). Due to the special design of the sampleholder we could set any angle between the magnetic �eldand the crystallographic axis with an accuracy of 1 de-gree in the range of about 90 degrees (black symbols inFig. 4). For each applied bias the anisotropy was mea-sured at several wavelengths along the PL-line contourcorresponding to di�erent detunings: � = ~!laser �ET ,where ET corresponds to the energy position of trion PLmaximum). The obtained experimental data were �ttedusing expression (7) from [10] (solid lines on Fig. 4). Onecan see a good agreement of the �tting and experimen-tal results. It unambiguously indicates that the studiedelectron spin dynamics in magnetic �eld is describedby the kinetic equation (eq.(3) in [10]) with anisotropicspin relaxation tensor. At the same time the observedspin relaxation anisotropy is markedly varying along thePL-line contour. It means that it essentially depends onelectron localisation. By this reason we can analyse onlythe anisotropy parameter b and cannot correctly deter-mine the ratio of the Rashba and Dresselhaus constantslike we did it in [10].The anisotropy parameter (b) dependence on the ap-plied bias was derived using expression (eq. (7) in [10])and is shown in Fig. 5. The obtained b values can bedivided in the two groups. The �rst group is the bunchclose to trion PL maximum position (open square and�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 11 { 12 2011



Inuence of electron localization on the spin dephasing anisotropy : : : 937
1.0

0

30

60
90

120

150

180

210

240
270

300

330

0

1.0

0.8

0

30

60
90

120

150

180

210

240
270

300

330

0

0.8

0

1.6

0

30

60
90

120

150

180

210

240
270

300

330

1.6

0

2

0

30

60
90

120

150

180

210

240
270

300

3302

D

d

E = 14.0 meV

= 1.1 meV

D

d

E = 1 . meV7 5

= . meV0 6

D

d

E = 14.0 meV

= . meV0 3

D

d

E = 1 . meV7 5

–= . meV0 3

T
2

(n
s)

T
2

(n
s)

Fig. 4. Spin dephasing time measured as a function of theangle between B and the axis x k [110] at two appliedbiases for di�erent detuning. Experimental data is shownwith black points, the solid line is the theoretical approx-imation. Open symbols { extrapolation to the next threequadrants, B = 0:75 T

12 16 20 24 28

0.0

0.1

0.2

0.3

0.41 0.21 –0.02 –0.18 –0.37

1 7.

1 9.
1 9.

d (meV)
– –0.4 0.0
0.2 0.7–
1.0 1.3–
1.5 1.9–

b

DE (meV)

–0.2

–0.3

0 2.

1.0

0.3

0.3

0.6

1.1
1.0

1.3

–0.3

–0.4

0.0

0 7.

0 7.
1 1.

1 1.
–0 4.

1 5.

– .0 2

U (V)

Fig. 5. The anisotropy parameter b dependence vs. the ap-plied bias. Applied biases from +0:4 to �0:4V. � =�0:4 : : : 1:9 meV (marked by numbers), B = 0:75 T. Solidand dashed lines are guides for eyesblack circular symbols), the second group is related to1sHH PL maximum position (black square and open cir-cular symbols). A small deviation of � in every groupis due to a shift of PL-lines (both trion and 1sHH PL-lines) with variation of applied bias. The behavior ofb vs. the applied bias is strongly nonmonotonic and es-sentially determined by the laser energy photoexcitation

that, as we suppose, is related to a di�erent electronenergy localisation.There are two contributions to the decay rate of spincomponents transversal to the �eld. The �rst one is re-lated to the spread of localized electrons g-factors �gwhich results in the Larmor frequency spread �
 == �g�BB=~ and, correspondingly, in the spin dephas-ing with the rate 1=
. Moreover, even in the absence ofmagnetic �eld, the localized electron spin decays due toe.g. nuclear uctuations which act as random magnetic�elds, and due to other spin relaxation processes. Belowthe corresponding contribution to the spin decay rate isdenoted as 1=�0. As a result, the total transversal spinrelaxation rate can be estimated as�s(B)�1 = ��10 + 80�gB; (2)where B is given in Tesla, �0 { in nanoseconds and 80 {dimensional constant (T � n)�1.We believe that in the studied CQW electron spin de-phasing rate is determined by both the g-factor spread-ing and the irreversible spin relaxation. To understandwhether one or both of these terms are anisotropic,we performed measurements of the spin dephasing rateas a function of magnetic �eld for the two orthogo-nal magnetic �eld orientations in the structure plane:B k [110] and B k [110] (black and open symbols inFig. 6, correspondingly). Using the �tting Eq. (2) of the
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938 A.V. Sekretenko, A.V. LarionovSpin dephasing time �0 in the B = 0 limit and g-factorspreading �g for the two orthogonal magnetic �eldorientations�E (meV) � (meV) �0 (ns) �g (10�3)14.7 2.5 B k [110] 1:0� 0:1 2:6� 0:6B k [110] 2:8� 0:3 3:0� 0:40.4 B k [110] 0:6� 0:06 2:5� 1:0B k [110] 0:72 � 0:06 0� 0:615.8 2.4 B k [110] 5� 1 5:9� 0:5B k [110] 2:8� 0:3 2:1� 0:30.3 B k [110] 1:2� 0:1 3:3� 0:6B k [110] 4:7� 0:7 3:4� 0:321.2 2.9 B k [110] 3:0� 0:5 5:5� 0:6B k [110] 4:6� 0:8 2:8� 0:30.8 B k [110] * *B k [110] 5:7� 0:7 1:6� 0:2The data are obtained using Eq. (2) for di�erent Stark shifts and� from Fig. 6In conclusion, we have experimentally found thatthe electron spin dephasing anisotropy in GaAs/AlGaAsCQW signi�cantly depends on the electron localisationin QW-plane. We found that the anisotropic spin de-phasing rate is determined by both the electron g-factorspreading and the irreversible electron spin relaxationthat are anisotropic and can be controlled by bias. Thesuggested theoretical model is in a good agreement withexperimental data.We acknowledge fruitful discussions with L.E.Goluband M.M.Glazov. This research was supported by theRussian Foundation for Basic Research.

1. Semiconductors Spintronics and Quantum Computation(ed. by D.D. Awschalom, D. Loss, and N. Samarth),Springer, 2002.2. M. I. D'yakonov and V.Yu. Kachorovskii, Fiz. Tekh.Poluprov. 20, 178 (1986) [Sov. Phys. Semicond. 20, 110(1986)].3. Y.A. Bychkov, and E. I. Rashba, Pis'ma Zh. Eksp. Teor.Fiz. 39, 66 (1984) [JETP Lett. 39, 78 (1984)].4. U. Roessler and J. Kainz, Solid State Commun. 121,313 (2002).5. N. S. Averkiev and L. E. Golub, Phys. Rev. B 60, 15582(1999).6. N. S. Averkiev, L. E. Golub, and M. Willander, J. ofphysics: condensed matter 14, R271 (2002).7. N. S. Averkiev, L. E. Golub, A. S. Gurevich et al., Phys.Rev. B 74, 033305 (2006).8. D. Stich, J. H. Jiang, T. Korn et al., Phys. Rev. B 76,073309 (2007).9. B. Liu, H. Zhao, J. Wang et al., Appl. Phys. Lett. 90,112111 (2007).10. A.V. Larionov and L. E. Golub, Phys. Rev. B 78,033302 (2008).11. E.A. Zhukov, D.R. Yakovlev, M. Bayer et al., Phys.Rev. B 76, 205310 (2007).12. L.V. Fokina, I.A. Yugova, D.R. Yakovlev et al., Phys.Rev. B 81, 195304 (2010).13. A.V. Larionov and V.B. Timofeev, JETP Lett. 71, 3(2000).14. I. A. Yugova, A. Greilich, D.R. Yakovlev et al., Phys.Rev. B 75, 245302 (2007).15. M.M. Glazov, FTT 54, 3 (2012).

�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 11 { 12 2011


