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Time-resolved optical measurements of electron-spin dynamics in modulation-doped InGaAs quantum wells
are used to explore electron spin coherence times and spin precession frequencies in a regime where an
out-of-plane magnetic field quantizes the states of a two-dimensional electron gas into Landau levels. Oscil-
latory features in the transverse spin coherence time and effectactor as a function of the applied magnetic
field exhibit a correspondence with Shubnikov—de Haas oscillations, illustrating a coupling between spin and
orbital eigenstates. We present a theoretical model in which inhomogeneous dephasing due to the population of
different Landau levels limits the spin coherence time and captures the essential experimental results.
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Electron spins in semiconductors have the potential taneasured through the conductivity is not directly related to
form the basis of emerging spintronicand quantum infor- the spin coherence tinfeThe electrory factor has also been
mation processing technologig®vhile the dynamics of both measured using the coincidence methdulit these transport
the electron spin and its orbital degree of freedom in a twomeasurements can be dominated by exchange interdction.
dimensional electron gas are well understood, intricate phe-lere, we measure the spin dynamics of optically injected
nomena may be expected in the presence of spin-orbit inteplectrons using time-resolved Faraday rotation. This allows
actions. Here, we present time-resolved opticalus to determinel, andg* over a wider range of magnetic
measurements of the transverse spin relaxation fignend ~ fields and observe oscillations that indicate a dependence
effective g factor g* on two-dimensional electron gases ONn V. )

(2DEG) in a set of single InGaAs quantum we{@W). Both Electron-spin coherence and transport measurements are
T, and g* exhibit oscillations when measured as a functionPerformed ~on a set of single modulation-doped

of the applied magnetic field that correspond to features if10.2C%gAS/GaAs QW grown by molecular beam epitaxy.

the magnetoresistance, indicating a sensitivity to the Landatt-;he sample structure is a 50 nm GaAs/30 mtoped

level filling.

An electron in a magnetic fiel& has a spin precession
frequencyQ, =g* ugB/#, where ug is the Bohr magneton
and# is Planck’s constant divided by 27. g* can deviate
significantly from the free electron valyge~ 2.0 due to spin-

orbit coupling. Under the application of a strong out-of-plane,, o5 (photoluminescence peak at 1.33 eV at temperafure

magnetic field, the energy spectrum of a 2DEG becomes g K) are lower in energy than the band gap of the GaAs
quantized into Landau levels, in which the trajectory of thegypstrate, we can selectively optically excite and detect
electrons can be characterized as a cyclotron orbit with raglectron-spin polarization in the quantum well. Low-
diusR.=V#/eB, wheree is the charge of an electron. When temperature transport measurements are performed on
B=B,=hny/en wherenyy, is the sheet density antlis an ~ samples C, D, and E in a magneto-optical cryostat with mag-
integer indicating the Landau-level index, there arélled  netic fields up toB=7 T and reveal clear signatures of
Landau levels. The spacing between Landau levels is perShubnikov—de Haas oscillations. The samples are patterned
odic in the reciprocal field, and changing the applied magwith a standard 4:1 Hall bar geometry and are measured
netic field changes the filling factor of occupied Landau lev-using lock-in detection with an excitation current of 99 nA at
els v=hn,p/eB. 11 Hz. The electron sheet densities and mobilitiesTat
Previous measurements of the electgdactor in a 2DEG =5 K are 5.4x 10* cn? and 3.8< 10* cn?/V s (sample G,
as a function of Landau-level filling have been performed6.6x 10! cmi? and 3.1x 10* cn?/V s (sample D, and 7.0
primarily using electrically detected electron-spin resonance< 10t cm™2 and 2.4x 10* cn?/V's (sample B. We deter-
(EDESR), which records a resonant change in the magnemine that the electron effective mass in sample E is 0164
toresistivity due to an applied microwave excitatighThe by fitting the temperature dependence of the amplitudes of
low number of electron spins in a 2DEG makes the directhe Shubnikov—de Haas oscillatioh©ptical measurements
detection of microwave absorption for conventional ESR(spot diameter~50 um) performed on patterned Hall bar
difficult.> Although EDESR studies have yielded a relationstructuregsmesa width~150 um) are found to reproduce the
betweeng* and n, the resonance feature was only observableaesults of unprocessed samples, indicating that the process-
in a small range of magnetic field where the Fermi energy isng has little effect on the electron-spin dynamics of the
located between spin-split Landau levéisnd the linewidth 2DEG.

aAs/20 nm GaAs/7.5 nm §nGa gAs/20 nm GaAs/

10 nmn-doped GaAs(001) semi-insulating GaAs substrate.
The doping densities of the Si-doped layers are 196
cm 3 (sample A; 1X10Y cm™® (sample B; 3x 10 cm3
(sample G, 5xX10Y cm3 (sample D; and 8x 10 cm™
(sample B. Since the absorption energies of these quantum
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At (ps) FIG. 2. g* measured as a function of magnetic fi@ldt 45°(x)
. b ° reflect and 30°(O) with respect to the growth directianfor sample E and
FIG. 1. (8 Transmission andb) 45° reflection measurement calculated values af, (A) andg, (V). The hollow symbols show

ggometries(c) Ef'fectiveg factorg* (M) and spin coherence time g, (A) andgy (V) as calculated from the angle-dependent fit shown
T, (O) as a function of angler atB=6 T andT=2 K on sample E. in Fig. 1(c)

The solid curve is a fit to Eq2). The dotted line is calculated using
Eq. (5). (d) Faraday rotation as a function of the time delstyon
sample E ar=5°, 15°, and 30° foB=6 T andT=2 K. 9. = Vg2 co a + gZ sirf a. 2)

TRFR, an optical pump-probe spectroscopy, is used tqhe solid line in Fig. 1c) is a fit from whichg,=—0.439 and
probe the electron-spin dynamics. Using a balanced photod@zz_o_624_ Measurements taken at 363 and 45°(g,s)
ode bridge and lock-in detection, rotation angles on the ordess a function of field are used to solve fgrandg, in Fig. 2.
of 10 urad can be measured with subpicosecond temporafhe oscillations irg* are more prominent when measured in
resolution? The_electron-spin magnetization precesses in thenhe 45° reflection geometry, where a larger component of the
plane perpendicular to the applied magnetic field, and thenagnetic field is out of plane. The results of fitting the data
Faraday rotation angle as a function of time defycan be i Fig. 1(c) to Eq. (2) are plotted as hollow symbols &

expressed as =6 T for comparison. We account for the discrepancy with
an estimated error in determiningof £3°. In order to mini-
O (At) = Aje VT4 Aze—At/T; cosQ, At (1) mize the effect on(); from the hyperfine interaction with

nucleil? a photoelastic modulator was used to polarize the

whereA, (A,) is the amplitude of the electron-spin polariza- electron spins, as the time-averaged electron spin population

tion injected that is parallglperpendicularto the magnetic
field andT; is the longitudinal spin coherence time. Although 0.7
the sign ofg* cannot be determined from such fits, measure-
ments of InGa_,As for 0<x<0.1 (Ref. 9 and InAs(Ref.
10) indicate thatg* is negative.

Two geometries employed in this measurement are illus- 0.6 -
trated in Fig. 1: a transmission geometry in which fh&Q]

direction(x) can be rotated up to £30° from the direction of ?3 i iy
the applied magnetic field by an anghe[Fig. 1(a)] and a 05

reflection geometry where the sample is 45° with respect to ~ —=— A
the applied field and the optical patfi&g. 1(b)]. In the latter i o Bl ]
case, the collection path forms a right angle with the incident ig
light. The sample is mounted so that the magnetic field is in 04 kL —o—E
the (x,z) plane. Figure () shows TRFR measurements at N R T T T
6 T and 2 K on sample E. A summary of the angle depen- 1 2 3 4 5 6 7

dence ofT, andg* is plotted in Fig. 1c). T, increases dra- B(T)
matically with increasingx and out-of-plane magnetic field;
this is related to a suppression of the dominant spin relax- F|G. 3. g,s measured in the 45° reflection geometry for samples

ation mechanism, which is discussed later in the text. A (barrier doping density %10 cm3), sample B (1x10Y
g* as a function ofa can be fit to determine the compo- c¢cm3), sample C(3x 107 cm™3), sample D(5% 10'7 cm3), and
nents of theg tensor along the andz directions!? sample E(8 X 1017 cm3).
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(a)o.54 Similarities betweerg* and Shubnikov—de Haas oscilla-
tions in the 45° reflection geometry, illustrated with data for
sample E afT=2 K, 5 K, and 20 K in Fig. 4, indicate that
0.52 is dependent on the filling factar. The vertical dotted lines
i in Fig. 4 indicateB,, for n=6 to 16. Previous measurements
e of spin precession frequencies in a 2DEG using EDESR es-
0.50 tablished a linear relation betwegfi and the Landau-level
indexn:
0.48 g(B,n)=go—c(n+3)B, (3)
(b) 700
whereg, andc are sample-dependent constants,dfutould
600 only be measured in regions of field around odd filling
‘@ 500 factors? Our measurement covers a wider magnetic field
NS 400 range, revealing oscillatory behavior gf as a function ofB
* 4 that tracks the behavior of the Shubnikov—de Haas oscilla-
£~ 300 tions. We fit our data in regions near full filling to obtain
200 0p=0.405 andc=0.00314 for our sample and plot the calcu-
100 latedg-factor dependence in Fig(& for n=4 to 12(dashed
lines). The temperature dependence of the TRFR data dem-
(c) 0 onstrates that the amplitude of the oscillationgytndimin-
6 /— ishes as the temperature is increased from 2 to 20 K. Like-
- | /_ wise, the Shubnikov—de Haas oscillations, evident in the
g f< magnetic field range presented here at 2 and 5 K, are faint
2 4r ﬁ 7 below 5 T at 20 K. We observe from power dependences of
o M 4 our measurement that the data presented here are in a regime
=2 where the number of optically injected carriers does not
2r — h hey factor, indicating a minimal effect of the pump-
5K change the factor, indicating a minimal effect of the pump
i — 20K probe measurement on the Fermi level.
o) I P S I SR S I While a dependence in thg factor on Landau-level oc-
2 4 5 6 7 cupation has been observed previodshgcillatory behavior
B(T) in T, has not been reported befor'é*z, as measured in the

45° reflection geometry at 2 K, 5 K, and 20 K, is plotted in
Fig. 4b). From the data, we observe that at low field,
increases quadratically and at high field, exhibits oscilla-
tions in magnetic field whose minima correspondip We
next discuss a theoretical model which explains the depen-
dence of the spin coherence time on magnetic field. This
model calculates the spin relaxation raig by considering
three contributions: a quadratic fit at low field reflecting the
suppression of the D’yakonov-Perel’ spin relaxation
from a waveplate switching between right and left circularmechanisnt? a constant background spin relaxation rate of
polarization should be zero. In addition, measurements aré.2 ns*, and a variance of-factor mechanism, which em-
performed at varying laboratory time intervals in order toploys the results of a quantitative calculation based on a gen-
check that the nuclear spins have a negligible effect on theralizedK .p envelope-function theory solved in a 14-band
data. Comparisons @, at positive and negative fields show restricted basis sét.In the absence of an applied magnetic

the steady-state nuclear field to be less than 1% of the ageld, the D'yakonov-Pere(DP) spin relaxation ratd* is
plied field.

The field dependence gf as measured in the 45° reflec- Tglz 0%, (4)
tion geometry(g,s) for all five samples is plotted in Fig. 3. . ) ,
All samples exhibit the same qualitative behavior, with theV.VhereQ IS t.he precession frequency 'about thg mternlal DP
magnitude ofgys first increasing with the magnetic field and f'eld and , is the orb|tal coherer)ce .tlme. As s consistent
then crossing over to an oscillatory regime at a higher fieIdW'th th_e DP mechanism, th_e application O.f an external mag-
As the carrier density is increased from sample A to samplé‘enC field Increases the spin c_oh(_arence time by a factor that
E, the g factor increasingly reflects the value of the bulk is quadratic in applied magnetic fiékd
GaAs g factor (-0.44), i'ndic.ating enhaljced peﬂetration pf T,(B) = T,(0)(1 +a2B?). (5)
the electron wave function into the barriers, while the period
of the oscillations seems to decrease, consistent with the dé- fit to the data taken at 2 K for the magnetic field range
creasing spacing of the Landau levels with the increasing.—2.6 T yieldsT,(0)=57 ps anca=0.96 T This is the rea-
sheet density of the 2DEG. son for the strong dependence®fwith « in Fig. 1(c). The

FIG. 4. (Color) (a) g* measured in the 45° reflection geometry
for sample E as a function @& at T=2 K, 5 K, and 20 K(sym-
bols). Also plotted(dashed linesis g(B,n):go—c(n+%)B, with g
=0.405 andc=0.00314 forn=4 to 12.(b) T; measuredsymbolg
as a function of B afl=2 K, 5 K, and 20 K and calculategines)
from a spin relaxation model &=2 K, 4 K, and 12 K(c) R as a
function ofBatT=2 K, 5 K, and 20 K. Also shown are dotted lines
indicating the position oB,, for n=6 to 16.
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dotted line in Fig. {c) is calculated using Eq5) and the the conductivity. When the conductivity is largest, the den-
values forT; anda obtained above. At large angle, the dis- sity of states is largest and the scattering time is smaffest.
agreement may be explained by the contribution from theThus, from Eq.(4), T*2 should be at a maximum when the
variance ing-factor mechanism to the spin relaxation time. resistance is a minimum from the Ref. 17 model.

The Elliot-Yafet mechanism is less sensitive to the external The amplitude of the oscillation in the spin coherence
magnetic field® Above 3 T, T, exhibits an oscillatory de- time decreases with increasing temperature. As the tempera-
pendence on field that tracks the Shubnikov—de Haas osciture increases, the width of the Landau levels increases,
lations. These oscillations are related to inhomogeneouwhich causes the features @ and T*2 to become less dis-
dephasing of the spin coherence due to the changing occtinct, both in the measurements and calculations.

pation of the Landau levels with magnetic field. If the width  In summary, we have measured the electron-spin preces-
of the Landau levels is comparable to the Landau-level spacsion frequencies and spin coherence times as a function of
ing, there will be a number of partially occupied Landauperpendicular magnetic field and observed oscillatory fea-
levels; this occupation will change with field as the spacingtures that indicate a dependence on Landau-level quantiza-
between Landau levels increases. Since electrons in differefien. Measurements were performed on samples of varying

Landau levels have different spin precession frequencies, tH#oPing densities at a variety of temperatures and magnetic

T, that we measure can be dominated by the variance in thg€!d- The effectiveg factor g* in semiconductors varies

g-factor destroying the phase coherence of the optically in!Videly for materials as it exhibits a strong dependence on the
jected spin magnetization. For the variance in ghmecha- Pand-gap energy and spin-orbit coupling; here we have ex-
nism,Tglmng)To, where(5g?) is the variance of. For the plored the effect of orbital quantization @*. The spin co-

lculati h in Fia(8). the inh broad herence time also exhibits an oscillatory dependence on
calculations shown in Fig.(), the inhomogeneous broad- | 5qay-level filling which may be dominated by inhomoge-

ening of the Landau levels is 2.6 meV amg=360 ps. This  a4ys dephasing. These oscillations are qualitatively consis-
orbital coherence time is surprisingly long but may be due tqent with calculations of 8g?) for this system. The results
the importance of localized states located energetlcally bendicate a possible pathway towards spin manipulation using
tween the Landau levels. In addition, the calculations appeagpital quantization; electrical control of the carrier density
to underestimate the oscillation magnitudegaiself. could be used to change the Landau-level filling in a fixed

Another contribution to the oscillatory behaviorlgmay  magnetic field with dramatic effects on tigefactor and spin
be related to the changing density of states at the Fermi levebgherence time.

which would lead to a magnetic field dependence of the scat-
tering time'’ In our data in Fig. &), however, the minima We wish to acknowledge the support of DARPA and ARO
of T; correspond with minima iR, and thus the maxima of MURI.
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