VOLUME 80, NUMBER 19 PHYSICAL REVIEW LETTERS 11 My 1998

Resonant Spin Amplification inn-Type GaAs
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Extended electron spin precession rrtype GaAs bulk semiconductors is directly observed by
femtosecond time-resolved Faraday rotation in the Voigt geometry. Synchronous optical pumping of
the spin system amplifies and sustains spin motion, exposing a regime where spin lifetimes increase
tenfold at low fields and exceed 100 ns at zero field. Precise studies in field and temperature
provide clues to the relevant electron relaxation mechanisms, indicating a strong dependence on doping
concentration. [S0031-9007(98)06021-9]

PACS numbers: 76.30.Pk, 42.50.Md, 78.47.+p, 78.66.Fd

An emerging interest within the physics community is Here TRFR in the Voigt geometry measures the Lar-
the use of electronic spins within semiconductors for themor precession of electron spins excited by a normally
storage of coherence [1] and as a medium for a variety ahcident, circularly polarized pump pulse [3]. Whereas
integrated magnetoelectronic applications involving polarholes spin-relax rapidly due to valence band mixing [4],
ized transport [2]. For both, it is desirable to know thea net electron spin rotates the probe’s linear polarization,
limitations imposed by environmental spin decoherenceneasured by a polarization bridge technique described
and to understand how these may be influenced by tenelsewhere [3,5]. This deflection is proportional to the
perature and ambient magnetic fields. Through all-opticatlectron moment along the probe’s normal incidence, so
studies of spin precession using time-resolved Faraday r@pin precession about an in-plane magnetic fielchuses
tation (TRFR), we recently showed that a two-dimensionathe Faraday rotation to oscillate in the pump-probe delay,
electron gas can act as a reservoir for optically injected\s. ScanningAs then produces a TRFR profile of the form
spin polarization, significantly extending spin lifetimes Ae ~2!/": coq gugH At/ ), whose frequency is a direct
by removing holes which act to efficiently scatter elec-measure of the electrog factor and whose decay yields
tron spins [3]. While studies of moderately-doped the transverse spin lifetimé@; [5].
bulk 1I-VI semiconductors showed similar behavior [3], This oscillatory temporal evolution is shown in Fig. 1
here we find in bulk GaAs that lowering the doping for the different doping concentrations at= 5 K and
level (and thus the electron kinetic energy) uncovers a
completely different regime in which spin lifetimes be-
come strongly field and temperature dependent and are . T T T
further extended 2 orders of magnitude at low tempera- A/\/\ AN A A~ undoped ~ --o--
ture. To explore these new dynamics, we introduce a UV\/ VA A

method of resonant spin amplification, in which the syn- n=1lel6 cm3 —o0—
h injection of elect ins in ph ith thei M/\ [\A
receson et o merewce m o pomzaion < |ANAMAMAMARRARRAARA
and a series of sharp field-dependent resonances. Thestg v U V U U U V V V U V V v V V U V V V U \/ V V
resonances are sensitive probes of spin scattering andg
dephasing, and reveal a power-law divergence of the g /\ N\ A A~

y Rotation

spin lifetime as the applied field is lowered towards zero. %’ \/ \/ v/ Vv
Si-doped GaAs single crystals are prepared with room- &
temperature doping densities = 1 X 10'°, 1 X 10'8, z n=5e18 Cm3 merer
and5 X 10'® cm™3 and mobilitiesu = 5400, 2300, and \/A
1340 cm?/V's, respectively. A semi-insulating GaAs T=5K
sample was studied as a control, heretofore referred to as B=4T
n = 0. All wafers are thinned te-50 wm by mechanical , , . Field (T)
polishing and mounted strain-free in a magneto-optical 200 400 600 800 1000

cryostat. A Hall sensor on the sample support records the
applied magnetic field to a resolution of better than> T.
A mode-locked Ti:sapphire laser provides 100 fs pumg!G. 1. TRFR for undoped and-type GaAs atB = 4 T.

; ; ; )ata are normalized just after zero pump-probe delay. Plots
and probe pulses whose relative delay is adjusted by a C(.)Ere offset for clarity, with zeros marked by dotted lines. The

ventional delay line. _For_synChronOl_JS pumping EXPeIlinset showsT; vs field. Data are taken &f = 5 K with
ments, the laser repetition interval, is fixed at13.157 =y, =2 x 10,2 x 10, 1.4 X 105, and3 X 10'S cm3 for

0.0015 ns by actively stabilizing the cavity length. n =0, 10', 10'8, and5 X 10'8, respectively.
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B =4 T. Doping within this regime leads to shifts in measured spin lifetimes at 6 T imply that < 0.005, and

the absorption edge [6], and low energy carriers araising the dispersiog = —0.44 + 6.3E(eV) [7], this im-
excited by a laser spectrutFWHM = 7 meV) centered plies that spin precession occurs within a carrier energy
at an energy of 1.514, 1.531, and 1.556 eVior 1 X  width that is far less than its initial distribution, as deter-
10', 1 x 10'®, and 5 X 10'8, respectively. A change mined by the excitation spectrum.

in Larmor frequency with doping reflects an energy By measuring the Faraday rotation at a fixed pump-
dispersion in the GaAs conduction bagdfactor [7]. probe delay and sweeping the magnetic field, we monitor
Because we observe that increased excitation densiti@scillations which are periodic iB at a frequency pro-
N degradeT; in nondegenerate sampleX,, is kept portional to bothAr andg. Changes in the oscillation
several orders of magnitude below For n = 0, the envelope reflect a field dependence in eithigor the am-
laser energy (1.540 eV) includes an additional 20 me\plitudeA. Figure 2(a) shows a field scant = 1 ns for
which does not significantly affect the free electron spinn = 1 X 10'6. Because, is long in this sample (Fig. 1
lifetime and suppresses the excitation of excitons whosaset), a decrease in the TRFR is observable only above
precession complicates data analysis. The free carrier spih5 T. A closer look at the lower-field region, expanded
lifetime is a nonmonotonic function of carrier density, in Fig. 2(b), reveals the appearance of a second period.
abruptly increasing between the= 0 andn = 1 X 10'® A power spectrum of Fig. 2(a) over the interval from 1
samples and steadily decreasing thereafter. The ins& 2.5 T is shown in Fig. 2(c), where the field periodicity
showsT; vs field, spanning over 2 orders of magnitudeis expressed as a temporal interval for the Larmor preces-
and ranging from nearly 10 ns for = 1 X 10'° to less  sion,h/gup AB. The data show the peak at 1 ns expected
than 40 ps forn =5 X 108, Forn =1 X 10'°, the  from the pump-probe delay, and an additional feature aris-
zero-field polarization exhibits virtually no decay in the ing from the high-field frequency oscillations. The lat-
1 ns measurement interval, making its lifetime difficult to ter corresponds to the pump’s repetition interygl and
quantify. Below, a technique which effectively extendsarises from an increased polarization when spin precession
the measurement interval shows that the range in lifetimes

is over 3 orders of magnitude.

Qualitatively, T5 increases with field for the two high- ' : ' '

est doses and decreases for the two lowest. To under-% r ‘ ‘ @
stand this behavior, we consider processes which introducez -

a broadening{A¢?)/2, to the spin directionp [8]. If s I

the resulting distribution is Gaussian, the spin polarization g |

decays according to ekp(A¢?)/2), and (T5) ! equals £

the broadening ratE. Contributions td” may arise from & 1
spin-orbit scattering during collisions with phonons or im- & 7
purities [the Elliot-Yafet (EY) mechanism [9]] or from E 1
precession about anisotropic internal magnetic fields [the S s ; : P

D’yakanov-Perel’ (DP) mechanism [10]]. In the former P Field (T)
case,l' « I'p, wherel'p is the momentum scattering rate. - —
In the latter case, the broadening accumulates between
collisions, sol’ « I';'. The application of a field adia-
batically scatters electron momentum at the cyclotron fre-
quencyw,. and suppresses DP relaxation by randomizing
the internal field axis between collisions when ~ I'p

[11]. The data suggest a DP mechanism for the two highest
doping levels. We note that electron-hole spin scattering, 1.3 1.4 1.5 1.6
important inp-type GaAs, is not a favored mechanism in
thesen-type samples because the number of holes injected
yields a spin relaxation which is too slow by several orders
of magnitude and is independentof12].

An additional contribution to the spin relaxation rate ,
may arise from a spread in electrogi¢actors,Ag, which 0 200
results in an inhomogeneous dephasingdofgiven by
A¢ = AgupBr/h[13]. WhenAg represents a Gaussian FIG. 2. (a) TRFR forn = 10'° taken atAr = 1 ns. (b) An
variance, the nonexponential decay that follows is charexpanded view of (a). (c) The power spectrum of (a) taken
acterized by an effective lifetime = ﬁ\/E/Ag,uBB. Be- over the interval fromB = 1to 2.5 T. The field periodicity

d tfind li lati hio bet is converted to a time interval, and the appearance of the laser
cause we do notfind a general Inverse relationship betWe&gl ,qition interval is indicated. (d) TRFR showing resonant and

T; andB for n = 0 or 10'°, this process can be neglected off-resonant behavior. Data for (a)—(d) are takefat 5 K
over most of the field range. Moreover, for= 10'¢, the  with N, = 2 X 10" cm™3.
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is commensurate with the pulse repetition. By tuning thehe data comprise a sequence of resonances, individually
magnetic field so that the precession frequency is preresolved in Fig. 3(c), which increase in amplitude and
cisely resonant with the repetition interval, spin injectiondecrease in width as the field approaches zero. This
is always in phase with the precessing spin polarizationbehavior may be understood qualitatively as arising from
The result is an amplification that is fivefold &0.24 T  increased spin lifetimes nea& = 0, which require an
[Fig. 2(d)] and more than tenfold at zero field. The phasencreasing number of successive pump pulses to be in
of the total spin precession is visibly shifted relative to thephase. Resonances are consequently narrower in field
pump by changing the field only 10 G (0.4%) off reso-and concurrently amplified further because more spin
nance, demonstrating the remarkable sensitivity of thigolarization survives from each preceding spin excitation.
effect. Moving the field another 35 G is sufficient to At Az = 1 ns, the resonances are seen to change sign
completely suppress the resonance and produces a smhéicause the spin resonance has precessed during the 1 ns
negative offset (visible wheAr < 0) arising from a net interval before the probe’s measurement. Their amplitude
destructive interference of preceding pulses. These dataus follows the slow oscillations which continue from
imply that75 is of the same order ag,, atafield of~1 T Fig. 2(a), and resonances are joined by regions in which
and increases with decreasing field, in agreement witthe phase shifts seen in Fig. 2(c) distort the oscillatory
Fig. 1 (inset). background. These notions are made quantitative by
Using this “resonant spin amplification,” we obtain fitting the observed spin polarizatial; to the sum of
precise measurements of spin lifetimes well in excesgxponentially decaying oscillations,
of t.,. Figures 3(a) and 3(b) show low-field studies of
TRFR at fixedAr. Dotted lines indicate zero Faraday M,(At,B) = Z@(At + ntrep)Ae—(AHnt,ep)/T;
rotation (theory fits are offset for clarity). While one o
ordinarily sees almost no field dependencéat= 10 ps, X cog gupB(At + nteep)/R]. (1)

. Here n represents a sum over all laser pulses and the
L (a) At=10ps ] step function® ensures that only preceding pump pulses
contribute toM; at any particular delayrz. Data are fit

by adjusting7,, A, and g separately for each resonance
(except at zero field, wherg is interpolated). The
results are shown in Figs. 3(a) and 3(b), where excellent
agreement for both delays (and over thetire interval
from —10 ps to 1 ns) is obtained with identical fitting
parameters. In this manndf, may be extracted for each
resonance, and is seen to increase by tenfold from 1 to
0 T, reaching 130 ns at zero field [Fig. 3(c)].

Becauser,, is actively stabilized to+1.5 ps, and the
magnetic field is measured t > T, we estimate that
this technique is capable of resolving spin lifetimes as
long as 5us andAg/g ~ 0.1%. Furthermore, these pa-
rameters are easily measured for low magnetic fields,
which is impractical in conventional spin beat [3] and
Hanlé effect [11] measurements. Figure 3(d) shows the
quality factor of the electron spins in the same sample,

Faraday Rotation

(b) at= :lns

Faraday Rotation

Field (T)

5 ’ 1024(d) _ A - 3 computed from the fits shown in Figs. 3(a)—3(b) accord-
£ 9 / ot ing to the relation) = guzBT,/h. Also shown are data
=l 8101; A‘f . for a higher excitation density, which appears to follow
g ) . the same trend but with a uniformly lowe. We find
ks - S three regimes: (a) a low-field region obeying a power law
20 -10 0 10 20 Mot o T Q0 ~ B%8, (b) an intermediate regime wheg® is inde-
Field (G) Field (T) pendent ofB, and (c) a high-field region in whiclp de-

FIG. 3. TRFR forn = 10'° at small magnetic fields with Creases. Because dephasing of spin direction produces an
Ar = 10 ps (a), and 1 ns (b). Fits derive from Eq. (1) and are€effective lifetime which is inversely proportional #, the
offset for clarity. Zeros are indicated by dotted lines. (c) AnresultingQ « g/Ag is field independent. The plateau at
expanded view of the central resonance in (a). The fit given b)Q ~ 80 seen in Fig. 3(d) suggests the possibility that spin
the dotted line corresponds to a spin lifetime of 130 ns. (d) Thedephasing limits the factors in this region, with a varia-

spin Q factor vs field on a log-log plot.Ne,, = 2 X 10 ¢cm™> : -
(solid triangles) and X 10'5 cm~> (open circles), respectively. tion of Ag/g = 0.28%. If one assumes that the electrons

The dotted line indicates a thermal ceiling (described inOCCUPY an energy bandwidti’, then theg-factor dis-
the text). Data are taken &t = 5 K. persion used above implies a limit to tige factor of 88,
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shown as a dotted line in Fig. 3(d). Given that the corre€lectron scattering. Estimates takiNg= n + N, how-
sponding number of available state$E)kT exceeds the ever, show that this mechanism is actually too strong and
excitation density by more than ten, these data suggest waay require a more explicit consideration of doping effects
measure electrons with thermalized kinetic energies [14]15]. These data support a transition to the EY mechanism
A temperature dependence within the intermediate fieldbelow 30 K, accompanied by a strong field dependence
region is clearly desirable to test this hypothesis. which suppresses the high-field spin lifetimes.

To probe electron-electron interactions within the low- In summary, studies of spin precessiomitype GaAs
field region, where spin dephasing does not contribute, weeveal that moderate doping yields significantly extended
characterize the spin lifetime’s power dependence. Opspin lifetimes. A new technique of resonant spin ampli-
tical pulse powers are converted to excitation densitiefication provides detailed and valuable clues to the origin
Ne using a focus spot area ¢50 um)? and a penetra- of spin relaxation in the regime of extremely long spin
tion depth of~8 um, obtained from absorption. The data lifetimes, providing limits on the energy distribution of
[Fig. 4(a)] indicate a power laW, ~ N; %4, for B =0, precessing spins and giving evidence of inhomogeneous
0.2, and 6 T (not shown). Neither EY nor DP processedroadening within a narrow window of magnetic fields.
depend explicitly on theV,, except through shifts in the Spin amplification directly measures the strong field de-
average electron kinetic energy, which will be significantpendence of these long lifetimes which would otherwise
only whenN, ~ n. Coulomb scattering between elec- be difficult to measure. If the applied field is well known,
trons can lead to substantial spin relaxation through théhis technigue also facilitates precise measurements of the
spin-orbit coupling in a manner similar to the EY mecha-electron g factor through shifts in the positions of the
nism, and a calculation for 111-V semiconductors assumingspin resonances. Conversely, if théactor is well deter-
classical statistics giveg,.. ~ N~ '(kT)~!/2, whereN is  mined, the resonances may be used to pump the nuclear
the total electron density [15]. Howeve¥, = n + N  system through the Overhauser effect and to detect the
in our case, which yields a rather weak dependence oooupling between electronic and nuclear spins.
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