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Electron charge and spin delocalization revealed in the optically probed longitudinal and transverse
spin dynamics in n-GaAs
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The evolution of the electron spin dynamics as consequence of carrier delocalization in n-type GaAs is
investigated by the recently developed extended pump-probe Kerr/Faraday rotation spectroscopy. We find that
isolated electrons localized on donors demonstrate a prominent difference between the longitudinal and transverse
spin relaxation rates in a magnetic field, which is almost absent in the metallic phase. The inhomogeneous

transverse dephasing time 7,° of the spin ensemble strongly increases upon electron delocalization as a result
of motional narrowing that can be induced by increasing either the donor concentration or the temperature.
An unexpected relation between 7,° and the longitudinal spin relaxation time 7 is found, namely, that their
product is about constant, as explained by the magnetic field effect on the spin diffusion. We observe a two-stage
longitudinal spin relaxation, which suggests the establishment of spin temperature in the system of exchange-

coupled donor-bound electrons.
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The dynamics of localized spins in solids with a rigid
crystal lattice is known to be drastically different from that
in gaseous and liquid phases. The main features characteristic
for solids are the prominent difference between the transverse
and longitudinal spin relaxation times in magnetic field and
the strong inhomogeneous broadening of magnetic resonance
spectra. Both features almost disappear for mobile spins,
because of the mixing of the motional and spin degrees
of freedom and the rapid change of the interacting spin
environment.

Semiconductors are ideally suited for changing the spin
localization in a controlled way. Electrons localized at shallow
impurities can become mobile by increasing the temperature,
for example. In a series of semiconductor structures with in-
creasing doping but otherwise identical properties, a transition
to metallic conductivity occurs when the impurity concen-
tration exceeds a certain threshold (Mott transition). These
modifications allow one to assess the effect of localization on
the spin dynamics.

In the present work we study the electron spin dynamics
in bulk n-type GaAs, which is a prototypical system for
optical access to the electron spin states. In particular, the
nonequilibrium electron spin lifetime in weak magnetic fields
was previously shown to change when the donor concentration
np crosses the Mott-type metal-to-insulator transition (MIT) at
np = (1 —2) x 10'® cm™3 [1]. At low donor concentrations,
the spin lifetime is limited by inhomogeneous dephasing in
the random nuclear fields. With increasing np, the isotropic
exchange interaction of electrons causes their coupling with
nuclear spins to be less effective, so that the spin lifetime
becomes longer. Above the MIT, the spin lifetime rapidly
decreases with increasing electron concentration due to the
Dyakonov-Perel relaxation mechanism [1-5]. Indications for
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a similar trend were reported for the spin dephasing time 75" in
nonzero transverse magnetic field [6]. On the other hand, the
spin relaxation time 77 in a longitudinal magnetic field falls in
the microsecond [7,8] or even millisecond [9,10] range at low
donor concentrations, while it is in the submicrosecond range
above the MIT [11].

However, because of experimental limitations, a compre-
hensive study revealing the changes in both longitudinal and
transverse spin dynamics when crossing the MIT is still
lacking. The relevant spin relaxation times range from pi-
coseconds to milliseconds depending on doping concentration,
temperature, and magnetic field, while standard pump-probe
Faraday/Kerr rotation, providing direct access to the spin dy-
namics, is limited to a few nanoseconds time range. Therefore
measurements based on the Hanle effect (near zero magnetic
field) [1,4,5,12], resonant spin amplification [6], and spin noise
(in transverse magnetic field) [2,3] are used to extract long
spin lifetimes. These measurements, however, are indirect
and do not provide comprehensive insight into complex spin
dynamics reflected, e.g., by a nonexponential decay. The
longitudinal spin dynamics is usually studied by pump-probe
methods based on an analysis of the polarization-resolved
photoluminescence, which has a rather low time resolution
and is difficult to apply at low magnetic fields [7-10]. In
the present work, we overcome these limitations by using
the extended pump-probe Faraday/Kerr rotation technique,
which allows direct measurement of both the transverse and
longitudinal spin dynamics in magnetic fields of any strength
with picosecond time resolution over an arbitrary long-time
range [11].

This technical advancement has led us to qualitatively
new findings. We clearly observe a crossover in the spin
dynamics patterns from systems of localized spins to those
with delocalized spins when increasing either the doping
concentration or the sample temperature. The crossover is
manifested in a strong narrowing of the g-factor distribution
and a dramatic weakening of the magnetic field dependence
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FIG. 1. (a)-(c) Dynamics of Kerr/Faraday rotation signal for different magnetic fields applied in the Voigt geometry. Panels (a) and (b)
correspond to sample with np = 5.5 x 10" cm™3 at T = 2 and 14 K, respectively. Panel (c) corresponds tonp = 1.4 x 10" cm3 at T = 2 K.

(d) Temperature dependence of spread of g factors for np, = 5.5 x 10 cm

of Ty. Further, we find the unexpected relation 7 7,° & const,
which holds even though T and T3 vary with magnetic field
or temperature by up to two orders of magnitude. In the
np range just below the MIT, we find a double-exponential
longitudinal spin dynamics, which reflects the fast onset of
internal equilibrium within the electron spin system, followed
by equilibration of the electron spin temperature with the
crystal lattice temperature.

The results are obtained for Si-doped GaAs samples with
uncompensated donor concentrations np = 5.5 x 10" cm™3
(2-um-thick layer grown by the molecular-beam epitaxy),
1.0 x 10, 4.0 x 10", and 1.6 x 10'® cm—3 (20-, 20-, and 7-
pm-thick, respectively, layers grown by liquid-phase epitaxy),
1.4 x 10'%, 3.7 x 10'%, and 7.1 x 10'® cm™ (350-, 170-,
and 170-pum-thick, respectively, bulk wafers). The samples
are placed in the variable temperature insert of a split-coil
magnetocryostat (7 = 2-25 K). Magnetic fields up to 6 T are
applied either parallel (Faraday geometry) or perpendicular
(Voigt geometry) to the light propagation vector, which is
parallel to the sample normal.

The extended pump-probe Kerr/Faraday rotation technique
as described in Ref. [11] is used to study the electron spin
dynamics. It is a modification of the standard pump-probe
Kerr/Faraday rotation technique, where circularly polarized
pump pulses generate carrier spin polarization, which is then
probed by the Kerr(Faraday) rotation of linearly polarized
probe pulses after reflection(transmission) from(through) the
sample. Implementation of pulse picking for both pump and
probe beams in combination with a mechanical delay line al-
lows us to scan microsecond time ranges with picosecond time
resolution (see Ref. [11] for the details). Here, a Ti:sapphire
laser emits a train of 2 ps pulses with arepetition rate of 76 MHz
(repetition period Tr = 13.1 ns). The pump protocol uses
single pulses per excitation period. The separation between
these pulses is 807, 1607, or 3207k in order to clearly
exceed the characteristic time of spin polarization decay. The
samples with np = 5.5 x 10", 1.0 x 10'%, 4.0 x 10%5, and
1.6 x 10'® cm™3 are studied in reflection geometry (Kerr
rotation) with the laser wavelength set to 819 nm, close
to the donor-bound exciton resonance. The samples with
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np = 1.4 x 10',3.7 x 10'°,and 7.1 x 10!® cm—3 are studied
in transmission geometry (Faraday rotation) at 825, 829, and
829 nm, respectively.

First, we study the effect of electron delocalization on the
inhomogeneous dephasing of the spin ensemble. Figure 1(a)
shows the dynamics of the electron spin precession about
different magnetic fields By applied in the Voigt geometry
for the weakly doped sample (np =5.5 x 10" cm™) at
T = 2 K, where almost all electrons are localized on donors.
In weak magnetic fields the spin precession decays with
the time 7, ~ 30 ns, in good agreement with Hanle-effect
measurements [1]. This inhomogeneous decay is determined
by the ensemble-averaged electron spin precession about
the random nuclear fields in the vicinity of donors. With
increasing By the dynamics becomes considerably shorter,
so that the spin dephasing time 7" rapidly decreases to ~1 ns
at By = 500 mT [see Fig. 3(c), open squares]. This decrease is
well described with the equation 1/T; = 1/7, + dgugBv/h
[ty = T,/(B = 0) and pugp is the Bohr magneton], indicating
a large spread of electron g factors 8g ~ 1.4 x 1072, This
spread arises from the g factor variation of electrons bound by
donors that are located at different positions. One can estimate
the variation from the spread of localized electron energies,
0E ~ 1 meV using the Roth-Lax-Zwerdling equation [13],
which gives a §g ~ 1072 in agreement with the experiment.

Itis straightforward to delocalize electrons in this sample by
increasing the lattice temperature. Surprisingly, at 7 = 14 K
[Fig. 1(b)], the dynamics shows a much slower decay with
T ~ 220 ns at weak magnetic fields. With increasing By
the dynamics continues to stay considerably longer than at
T = 2 K. Italso shows slow beatings with a frequency linearly
increasing with magnetic field, indicating a g-factor splitting
of Ag ~ 1.5 x 1072, This splitting may be related to different
electron subensembles, e.g., localized and free electrons. The
magnetic field dependence of T for the dominating compo-
nent in the beating signal [Fig. 3(c), open triangles] gives §g =
2 x 107#, drastically smaller than at 7 = 2 K. The temperature
dependence of the g-factor spread for this lightly doped sample
is shown in Fig. 1(d). As T is increased from 2 to 18 K, §g
monotonically decreases by almost two orders of magnitude.
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FIG. 2. (a)~(c) Dynamics of Kerr/Faraday rotation signal for
different magnetic fields applied in Faraday geometry for samples
with different donor concentrations, 7 = 2 K.

The strong suppression of the inhomogeneous spin dephas-
ing as result of electron delocalization is also found for the
sample with donor concentrationnp = 1.4 x 10'° cm—3, close
to the MIT, where a considerable fraction of the electrons is
already delocalized at low T. The electron spin precession
dynamics for this sample [Fig. 1(c)] shows a long dephasing
time at weak fields, 7,'(B = 0) ~ 250 ns, and a small g ~
2 x 107 even at low temperatures [11].

In order to study the longitudinal spin dynamics, we apply
the magnetic field Br perpendicular to the sample surface and
parallel to the optical axis (Faraday geometry). Figure 2(a)
shows the longitudinal spin relaxation dynamics for the weakly
doped sample (np = 5.5 x 10'* cm™?) for different magnetic
fields Br at T = 2 K. For Br & 0, the dynamics shows a decay
with 77 & 30 ns in good agreement with the 7 value obtained
above in a weak Voigt field. Note that at B =0, T} =T5".
With increasing magnetic field the dynamics becomes much
slower and can be described by a double-exponential decay
with a weak fast (~300 ns) component and a dominating slow
component with a 7| time that strongly depends on Bg [see
Fig. 3(c), solid squares]. 7 increases with Br from 30 ns to
12 us almost linearly across the studied range of Bg from 0 to
1 T. Above Br = 1T, the signal of this sample becomes hardly
detectable.

For the sample with a higher np = 1 x 10" cm~3, how-
ever, still below the MIT, the longitudinal spin dynamics
clearly shows a double-exponential decay with a much more
pronounced fast component [Fig. 2(b)]. For the sample with
np = 1.4 x 10' cm™3, just around the MIT, the spin dynamics
is single-exponential for all studied magnetic fields [Fig. 2(c)].
The magnetic field dependence of 77 = 200 — 500 ns is much
weaker than that for the low donor concentration samples.

Figure 3 summarizes the longitudinal relaxation times at
Br = 0and 1 T as a function of donor concentration [Fig. 3(a)]
and temperature [Fig. 3(b)]. Figure 3(a) also includes literature
data for 7y at 1 T (the triangles) [7,8,10]. 7} at Be =1 T
monotonically decreases with np by three orders of magnitude
without a change of this trend at the MIT threshold. On the
other hand, at zero magnetic field, 7; first increases and then
decreases above the MIT concentration. The most striking
observation is that the 77 at 0 and 1 T almost coincide above
the MIT, even though they differ distinctly by a few orders of
magnitude for low donor concentrations.

The described behavior also applies to the dependence
of T on temperature [Fig. 3(b)] for the sample with a
low donor concentration of 5.5 x 10" c¢cm™3, indicating the
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delocalization onset at 14 K. Above this temperature, 77 is
weakly dependent on magnetic field. Interestingly, an increase
of the donor concentration from ~5 x 10 to ~10'7 cm™3
at T =2 K [Fig. 3(a)] has the same effect on the spin
relaxation as the increase of temperature from 2 to 25 K for
np = 5.5 x 10" ¢cm™3 [Fig. 3(b)], suggesting that 7| shows
similar dependencies on In(np) and on 7.

We found a striking similarity in the enhancement of 7}
and the suppression of 7, by a magnetic field as demonstrated
in Fig. 3(c). This relation can be described by the quantity
rxz = (T —w)/(1/T; — 1/t) =~ T T;, which remains con-
stant within a few ten percent across the whole studied range of
magnetic fields and temperatures, while 77 and T, change by
more than two orders of magnitude (see Supplemental Material
for details [14]).

Let us now discuss the transverse and longitudinal spin
relaxation when changing the electron concentration and/or
temperature, and how it is related to the localization of electron
charge and spin. Note that the electron spin may diffuse even
in a system of localized electrons (without charge mobility).

The drastic suppression of the inhomogeneous spin de-
phasing when electrons become delocalized can be explained
by the motional narrowing effect [15], assisted by exchange
interaction [16]. When a fraction of electrons is mobile, they
transfer spin between donor centers via exchange coupling,
reducing the spin correlation time at the individual donors,
7. [12]. As a result, the g factor averages over many donors,
leading to a narrowing of the total g-factor distribution. This
is likely to be the main mechanism of the §g narrowing
with increasing temperature (Fig. 1). The increase of donor
concentration can also result in such narrowing by direct
inter-donor exchange, which results in a drastic shortening
of 7, and a donor site averaging by spin diffusion [1,17]. In
both cases (and especially in the latter one), it is the spin rather
than the charge mobility that results in motional narrowing
and increase of 7. At donor concentrations above the MIT,
the electrons are mostly mobile and the g-factor broadening
due to site inhomogeneity disappears almost completely. In a
similar way, delocalization reduces the interaction with nuclear
fields that determines 7" at By = 0. For a further temperature
or concentration increase, the spin-orbit relaxation becomes
dominant for mobile electrons, leading to a decrease of the
spin relaxation time [Figs. 3(a) and 3(b)].

The longitudinal spin dynamics of localized electrons in
a magnetic field is governed by relaxation of both angular
momentum and energy [17]. In strong magnetic field, the en-
ergy relaxation is of prime importance, since the spin-phonon
coupling at low temperatures typically is weak, and the transfer
of the Zeeman energy, associated with a spin flip, to the crystal
lattice may take a long time. This fact explains the difference
of the longitudinal spin relaxation times measured in zero and
strong field for all our samples below np = 1.4 x 10'® cm™3
[Fig. 3(a)]. Since this concentration is close to the MIT, we
suggest that at this and higher concentrations, the Zeeman
energy is efficiently transferred to the motional degrees of
freedom of the mobile electrons. Therefore, in contrast to the
transverse relaxation, the longitudinal spin relaxation indicates
the onset of electron charge mobility as a result of either the
MIT with increasing doping or due to thermal activation at
elevated T'.
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FIG. 3. (a) Dependence of the longitudinal spin relaxation time 7} on donor concentration for Bp = 0 T (open symbols) and 1 T (solid
symbols), T = 2 K. Triangles correspond to literature data [7,8,10]. (b) Dependence of T} on lattice temperature for Br = 0T (open symbols)
and 1 T (solid symbols) in the sample with np = 5.5 x 10'* cm™3. (c) Magnetic field dependencies of T; (solid symbols) and 75* (open symbols)
at different temperatures for np = 5.5 x 10'* cm~>. Lines show linear fits to 7; and to the reciprocal of T5.

The unusual inverse relationship between the times 77 and
T as function of magnetic field and temperature [Fig. 3(c)],
most pronounced for the lightest-doped sample, is, in fact, a
signature of diffusion-limited spin-lattice relaxation, which
is typical for nuclear spins in solids, but has never been
found before for electrons. Indeed, neither the hyperfine nor
the anisotropic-exchange mechanisms [1] can provide energy
transfer to the lattice. According to Ref. [17], such a transfer
may occur through electron hopping within closely spaced
(optimal) pairs of charged and neutral donors, which play
the role of spin relaxation (killing) centers. Because of the
small number of such pairs, the spin-lattice relaxation of the
majority of electrons is determined by spin diffusion towards
the pairs, mediated by exchange-induced flip-flop transitions.
In a magnetic field, electrons localized at neighboring donors
acquire an energy difference because of the spread of their
g-factors, quenching the spin diffusion and extending 7. This
g-factors spread also manifests itself in a decreasing T.". The
theory described in Supplemental Material [14] explains the
linear increase of T} with B and reproduces the experimentally
observed relation:

2
Ty ~ A )
4n, (J?)
Thus 7, T; is independent on B and T, but determined by the
mean squared exchange constant (J2) and the optimal pairs
concentration 7,.

If the spin-spin exchange interaction of localized electrons
is strong (as in n-GaAs at np above 10'> cm™?), the equilibrium
within the electron spin system may be established much faster
than its thermalization with the crystal lattice. In this case, a
biexponential spin polarization dynamics is observed, as it
was theoretically predicted in Ref. [17]. The faster component
describes the internal spin-spin equilibration, i.e., establishing

a spin temperature, while the much slower component arises
from the energy transfer to the lattice. This indeed corresponds
to the observations at np = 1 x 10" cm™3 [Fig. 2(b)]. At
lower np = 5.5 x 10'* cm™3 the biexponential decay is much
less pronounced [Fig. 2(a)] due to the weaker exchange
coupling between donor-bound electrons.

In conclusion, the method of extended-time-delay Fara-
day/Kerr pump-probe spectroscopy has allowed us to investi-
gate the longitudinal and transverse electron spin relaxation in
n-doped GaAs with different donor concentrations at varying
magnetic fields and temperatures. We found clear manifesta-
tions of both spin and charge delocalization with increasing
doping and/or temperature. The electron spin system is shown
to experience a crossover from a behavior similar to that of
paramagnetic centers in dielectrics, characterized by site inho-
mogeneity and strongly magnetic-field dependent relaxation
times, to a behavior in the motional-narrowing regime with
a single spin lifetime. Further, the relation 7;7," &~ const was
extracted from the data. It shows that while spin ensemble
inhomogeneity decreases 7,°, it surprisingly enhances T;.
This relation was theoretically consolidated by considering
the diffusion-limited longitudinal spin relaxation. A range of
donor concentrations has been found in which an electron
spin temperature, different from the lattice temperature, can
be established.
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