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The energy dependence of electron spin lifetimes is investigated in n-type GaAs near the metal-

insulator transition by time-resolved Kerr rotation.

The spin lifetimes vary by three orders of

magnitude as a function of energy when occupying donor and conduction band states. For delo-
calized donor band states we find the longest spin lifetimes, which exhibit a strong reduction in a
transverse magnetic field. The occupation of localized donor band states is identified by a reduced
spin lifetime and a distinct Overhauser shift due to dynamic nuclear polarization. The energies of
the pump and probe laser are tuned independently to allow for cooling of excited hot electron spins.

PACS numbers: 78.47.+p, 78.55.Cr, 85.75.-d

Within the framework of the emerging field of spin-
tronics, the spin degree of freedom is exploited for in-
formation storage and processing and could serve as a
qubit for quantum computation [1]. Spin coherence and
long spin lifetimes are a prerequisite for novel spintronic
devices. Electron spins in Si-doped bulk n-GaAs drew
attention, when long spin lifetimes 75 > 100 ns and
coherence lengths larger than 100 pym were determined
using time-resolved Faraday rotation [2, 3]. Since then
n-GaAs was used as a model system to investigate spin
injection and spin transport phenomena [4-6]. In this
regard, at low temperatures bulk n-GaAs is superior to
low-dimensional III/V systems, since it offers itinerant
spins exhibiting long 75 and thus allows spatio-temporal
studies of coherent spin transport. In contrast, 75 of
spins in two-dimensional zinc-blende semiconductor het-
erostructures often suffers from the enhanced efficiency
of the D’yakonov-Perel’ (DP) dephasing [7] or exhibits
anisotropic spin scattering [8, 9].

The long Ty of bulk n-GaAs, however, is restricted
to a doping concentration in the vicinity of the metal-
insulator transition (MIT) and shortens dramatically to-
wards both sides of the transition [2, 10]. Similar results
in n-type GaN [11], and n-type Si [12] point to a universal
phenomenon. In n-GaAs, various spin relaxation mecha-
nisms have been considered to explain the dependence of
T5 upon carrier concentration, temperature and trans-
verse magnetic field B. The relevant relaxation mecha-
nisms differ substantially for delocalized spins with, e.g.,
the DP dephasing mechanism [13-16], and for spins local-
ized at impurity sites with, e.g., relaxation by hyperfine
interaction [16-18]. The MIT in n-type semiconductors
takes place within the donor band (DB) [19], which is
well-separated from the conduction band (CB). The elec-
tronic structure near the Fermi energy (EF) is governed
by both doping induced disorder and local Coulomb cor-
relation. The former yields Anderson-localized states in
the upper and lower donor band-tails, which are sep-
arated from extended states in the center by mobility

edges [20]. The latter may lead to a Coulomb gap U
at Er [21]. Both interactions yield a complex electronic
structure with coexisting localized and delocalized DB
states as well as CB states. Spin dephasing in n-GaAs has
mostly been investigated for states at Ep [2, 3]. There
is, however, no study of T3 spanning the whole energy
range of DB and CB states.

In this Letter, we study the spin lifetime 75 of coherent
electron spin states in n-GaAs, which are optically ex-
cited in both the donor and conduction band and probed
by time-resolved Kerr rotation (TRKR) at 6 K. Due to
the coexistence of distinct electronic states, the sample
is not characterized by a single Ty: T3 varies by three
orders of magnitude as a function of photon energy. The
longest T values are found for delocalized donor band
states, while free conduction band states exhibit shorter
spin lifetimes. Our time-resolved Kerr signal shows up to
three exponential decay regimes with different precession
frequencies. The latter can change due to an additional
nuclear magnetic field arising from dynamically polarized
nuclei, when resonantly pumping spins into localized DB
states.

Two (001)-oriented, 500 pm thick GaAs wafers with
different Si-doping concentrations have been investi-
gated: Sample A with a carrier concentration of (2.4 +
0.2) x 10 em ™3 is doped close to the MIT (critical car-
rier concentration in Si:GaAs n, = 1.5 x 1016 cm™3)
[19]. Reference sample B has a carrier concentration of
(1.540.4) x 10*® cm~2 and is therefore degenerated [21].
We used two tuneable, mode-locked Ti:Al5O3 lasers pro-
viding ~150 fs optical pulses corresponding to a spectral
width of ~ 6 nm at a repetition frequency of 80 MHz.
Electronic phase-locking of both lasers enables us to em-
ploy one laser for spin pumping at an energy E,, and
the other one for probing the spin orientation at an en-
ergy Ep, after a variable delay time At = 0...16 ns. The
normal-incident pump pulses, which were circularly po-
larized by a photo-elastic modulator (PEM), excite spin-
polarized electrons and holes oriented along the beam
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FIG. 1: (Color) Time-resolved Kerr rotation for photon en-
ergies E = Epy, = Epr at 6 K with (a) 0 (At) for sample A
at B =1 T; the red line shows the shift of the beating node;
(b) Ok (At, E) for sample A at B =1T; (¢) Ox (At, E) for the
degenerate sample B at B = 6 T. Arrows mark the respective
energies, above which the transmission drops below 5%.

direction in the strain-free mounted samples with an av-
erage power (P) = 50 W/cm?. The projection of the
pump induced spin magnetization onto the surface nor-
mal of the sample is determined with linearly polarized
laser pulses by Faraday rotation # in transmission and
by Kerr rotation 6 in reflection. Transverse magnetic
fields B are applied in the plane of the sample.

In Figure 1(a), we plot 8k (At) of sample A measured
for various photon energies £ = E,, = E,. at B =
1 T and at T = 6 K. Obviously, the spins precess at
all energies E, but the damping of the oscillations and
thus Ty is E-dependent: for E below the CB edge T35 is
long, whereas for the highest E, at which CB states are
pumped, 75 is much reduced. Strikingly, a node in the
oscillation envelope (red line in Fig. 1(a)) near the band
edge indicates that the spins precess with at least two
Larmor frequencies w(®. Therefore, 65 (At) is described
by n decay components

Ok (At) = ZA(i) exp <— Tﬁg) cos (w(i)At + qﬁ(i)) ,
i 2
(1)

where AW, Ty @) and ¢ are the initial amplitude, the
spin lifetime and the phase of component i, respectively.
Since this beating node shifts with increasing E towards
At = 0, the difference of the two w(® increases. The
Larmor frequencies w® = ¢*upB/h depend upon
component-specific effective g-factors ¢*(. Note that
the pump-induced spin packets, which exhibit a contin-
uous distribution of g-factors, precess with only one en-
ergetically averaged ¢g* but with reduced T3 due to inho-
mogeneous dephasing [2]. Thus, electronic states with
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FIG. 2: (Color) Fitted spin lifetimes T}, ) and Larmor fre-
quencies w® as a function of photon energy E = E,, = E,,
for MIT sample A (left) and degenerate sample B (right) at
various magnetic fields B. The colors mark three energy re-
gions as discussed in the text. The Larmor frequencies are
normalized to wo calculated from |go| = 0.43 and |go| = 0.15
for sample A and B, respectively.

two g-factor dispersions like, e.g., DB and CB states
are pumped simultaneously to yield separated w®. Fig-
ure 1(b) displays 0k (At, E) of sample A in a false color
plot. The E-dependence of w(® is obvious from horizon-
tal drifts of maxima and minima of 8 and most distinct
at the band edge (horizontal arrow). Non-vanishing 5
at At < 0 evidence long T5 2 6 ns, since the signal stems
from spins exited by the previous pump pulse. In Figure
1(c), this result is compared to 05 (At, E) of the degener-
ate sample B, for which E lies well within the CB. For
this sample, both 75 and g* depend strongly on E in the
absorbing energy regime. However, there are no nodes
in the oscillation envelope at any energy. Note that the
identity of DB states is completely lost in this degenerate
sample. This indicates that the multi-component decay
as well as the nodes in the oscillation amplitude of sample
A may arise from distinct DB and CB states.

To further support these findings, we plot in Figure
2 both T, (l)(E) and w® (E) values as determined from
least-squares fits of Ok (At, E) according to Eq. 1 for
both samples and for various B fields. The values of long
T5 > 20 ns observed at B = 0 T are extracted from fits
of resonant spin amplification scans [2]. For sample A,
T3 drops by more than 3 orders of magnitude as a func-
tion of photon energy E, however, three energy regions
can be distinguished marked by red, green and blue sym-
bols. At low E (red), Ty is nearly independent of E but
decreases rapidly with the increase of B. In this regime
we also observe T3 ~ 110 ns at B = 0 T at reduced
pump power (P) = 10 W/cm? (not shown) similar to
Ref. [2]. Approaching the CB edge T5 drops at all B,



but the Larmor frequency for the whole range is almost
constant and exhibits |g*| = |go] = 0.43. Near the CB
edge (green), B-independent values of Ty ~ 100...300 ps
are determined, which distinguish themselves by a rapid
decrease of w(F). At the beginning of the third region
(blue), T5 sets-in at ~ 6 ns and decreases with increas-
ing E. The corresponding w decreases slightly and sat-
urates at high E. The overlap of the second and third
region, which is enhanced by the spectral width of the
laser pulses, generates the node in the oscillation enve-
lope shown in Figure 1 [22]. For the degenerate sample B,

T;(l)(E) can be fitted by one component i. As expected
[2, 10], T5 is over-all shorter compared to sample A and
T5 increases with the increase of B, which is typical for
the DP dephasing mechanism [13].

In the following, we assign the T}, @) 6f the spins ob-
served in the three energy ranges to carriers occupying
different electronic states. Since hole spins relax quickly
< 10 ps in GaAs and excitons are broken up at high
magnetic fields B 2 1 T [23], we consider single elec-
tron states. Since the carrier concentration of sample
A is slightly above n., Er lies within the delocalized
DB states as sketched in Figure 3. Thus delocalized DB
states are pumped at lowest F, which exhibit the longest
T5 (red component in Fig. 2). However, to our knowl-
edge there is no relaxation mechanism of spins, which
accounts for their distinct B-dependence. We assign the
second energy range (green), which is missing for the
degenerate sample B, to Anderson localized electronic
states at the DB tail. Their distinct E-dependence of
w and 75 can be linked to the decrease of localization
length upon approaching the DB tail. The localization
of electrons yields spin relaxation due to hyperfine inter-
action with the nuclei [17, 18]. This gives rise to dynamic
nuclear polarization and a nuclear field, which alters w
(Overhauser shift) [24]. However, from Ref. [17] long
T5 ~ 300 ns are expected for localized electron spins,
although we could not reproduce this result with insu-
lating n-GaAs samples using TRKR. In Ref. [18], an
additional short T3 ~ 100 ps component is predicted,
when both localized and delocalized spins are pumped.
This is assigned to their cross-relaxation rate. Whereas
this might explain our short 73, it does not account for
the distinct w(E) dependence. In the third energy regime
(blue), electrons are pumped in the CB. The decrease of
w observed for both samples is due to g*: The absorption
of the pump pulse lifts the local chemical potential, thus
reducing the absolute value of the energetically averaged
g* factor according to its dispersion in the CB [23]. The
apparent decrease of T5(FE) might be explained by car-
rier cooling and interband relaxation. Due to both, the
carriers relax below the probed energy.

This notion can be confirmed by sweeping E,, with
Ep, held fixed at the bottom of the CB. The corre-

sponding fits of T5'”(E,,) and w®(E,,) of sample A
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FIG. 3: (Color) Upper left: sketch of density of DB and CB
states. Fitted spin lifetimes T ) and Larmor frequencies w®
as a function of pump laser energy E,., at magnetic fields B
for MIT sample A (filled symbols) for different probe energies
E,, is marked with vertical grey lines. For comparison data
from Fig. 2 with E,, = E,, are also plotted (open symbols).

at B =1 T are shown in Figure 3(a) and (b). Indeed,
this method allows to correct T3 for energy relaxation,
since T4 (E,,,) (blue full symbols) decreases only slightly
compared to Figure 2. However, there is an additional
short Ty @ (Epu) (green full symbols), which results from
probing localized spins at the DB tail because of the spec-
tral width of the probe pulses. To clarify this point,
L, is fixed at an energy even lower than the band gap
(Fig. 3(c)-(e)). For this E,,, the longest T;(Z)(Epu) (red)
attributed to delocalized DB states is observed, which
turned out to be nearly constant at B = 0 T. Note that
the average pump power is held constant, but the excited
carrier density changes by orders of magnitude in the ab-
sorbing regime. This has a negligible effect on the longest
T5 . More strikingly, additional components 7 become ob-
servable, when E,, passes the localized and CB states.
Thus, different electronic states become occupied either
due to direct optical excitation or carrier relaxation as
sketched in Figure 3(upper left). From the onset of the
OF signal (not shown), we deduce that the delocalized
DB states are occupied within At < 10 ps for all E,,
At B=1T (Fig. 3(d)) and E,, beyond the band edge,
the two long T2* @ components (blue and red) generate
nodes in the oscillation envelope (Fig. 1(a)) and can be
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FIG. 4: (Color) Faraday rotation 8 (At) of sample A for left
(¢7) and right (¢7) circularly polarized pump pulses (red ar-
rows) at B=1T, E,, = 1.514 eV and E,, = 1.494 V. Inset:
fitted normalized Larmor frequencies w'® and corresponding
lateral nuclear magnetic fields By\, for both polarizations as a
function of the average pump power.

separated by their w(? (Fig. 3(e)). For fitting, however,
the longest Ty (red) of delocalized DB had to be fixed
with minor influence on the blue component. The lat-
ter can be clearly assigned to CB states by comparing
it to Ty (Epy,) and ¢g*(E,,) of Figure 3(a) and (b). The
existence of three components ¢ and their onset when
sweeping F,, confirms our assignment of T OE) 16 the
three types of electronic states.

Since an optically pumped spin imbalance of localized
electrons leads to pronounced dynamic nuclear polariza-
tion (DNP) [24], we finally check our assignment of elec-
tronic states to T by identifying DNP. When resonantly
exciting localized spins at, e.g., FEp, = 1.514 eV, then
DNP is optically observed by the Overhauser shift. This
shift results in a change of w due to the presence of a
lateral nuclear magnetic field Byv adding up to B. Since
spins exhibiting long 75 are most sensitive to this shift,
we chose the same F,, as in Figure 3(c)-(e). In order to
generate a well-defined longitudinally pumped spin com-
ponent and thus to control the direction of BJHV with re-
spect to B, we replaced the PEM by a quarter-waveplate
and rotated sample A as sketched in Figure 4 [25]. In
this geometry, Op(At) exhibits nodes in the oscillation
envelope at long At, proofing the presence of two long
Ty © components with different w(?). The dependence of
w on the type of circularly polarization o of the pump
pulses, is clarified by the fitted w® in the inset of Fig-
ure 4. The sign and magnitude of Bk is determined by

o* and the pump power, respectively. Byv saturates for
ot at -90 mT, when |¢g*| = 0.43 is assumed to be con-
stant. However, the blue component, which is likely due
to spins in the CB (cp. to Fig. 3(e)), is more sensitive
to By than the spins attributed to delocalized DB states
(red). However, this point needs further investigation.

Since DNP is not observable when £, is reduced below
1.5 eV, our assignment of localized states is confirmed.
The pronounced w(E) dependence of the localized spins
(green) (see Fig. 2 left) compared to the variation of w
in the inset of Figure 4 suggests that this w(E) is indeed
influenced by increasing localization and thus responsible
for a rise of BJH\, at the DB tail [26].

In conclusion, we have attributed the complex pho-
ton energy dependence of the electron spin lifetimes in
n-type GaAs to energy relaxation and to occupation of
conduction band, delocalized and localized donor band
states. The longest lifetimes are found for delocalized
donor band states, whereas localized spins relax rather
fast. Resonant pumping of the localized donor band
states yields strong dynamic nuclear polarization.
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