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Dyakonov-Perel electron spin relaxation in a wurtzite semiconductor: From the nondegenerate to
the highly degenerate regime
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Electron spin lifetimes are investigated in bulk wurtzite n-GaN up to very high doping densities by time-resolved
Kerr-rotation spectroscopy. The doping densities range from 5 x 10" to 1.5 x 10'° cm~3, corresponding to Fermi
temperatures as high as 1200 K. The spin lifetime shows a maximum at the onset of degeneracy. The additional
determination of momentum scattering times allows for a direct comparison with an analytical expression of the

spin relaxation tensor in wurtzite semiconductors for a degenerate electron gas following Dyakonov-Perel theory.
We find good agreement with the experiment up to the highest densities without any fitting parameter. The only
known theoretical value o, = 9.0 meV A of the k-linear contribution to spin-orbit coupling in the conduction
band is shown to be valid up to the highest doping densities.
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Formulated in 1972, Dyakonov-Perel (DP) theory of spin
relaxation in semiconductors has proved to be very successful
in explaining electron spin relaxation from moderate to very
high temperatures.! The main ingredients of DP theory are
the momentum-dependent spin splitting caused by spin-orbit
coupling (SOC) and a motional narrowing effect that reduces
spin relaxation for faster carrier scattering. The spin splitting
causes a k-dependent (momentum-dependent) precession of
electrons spins around an effective magnetic field 2(k) and
consequently initiates spin relaxation for a distribution of
electrons in k space. Determination of the spin-relaxation
tensor allows for probing the strength and symmetry of
SOC? and for comparison with predictions from, e.g., kp,
or tight-binding theory. Previously, the doping-dependent
Dyakonov-Perel spin relaxation had been studied in zincblende
semiconductors such as n-GaAs (Refs. 3-5) and n-CdTe
(Ref. 6). There, a decrease of spin lifetimes with increasing
degeneracy of the electron gas was found after a maximum at
the onset of degeneracy. Jiang and Wu showed theoretically
that this nonmonotonic density dependence is a universal
behavior in zincblende III-V semiconductors in the metallic
regime, which exists also in strained GaAs, where the SOC is
dominated by a k-linear term.? Accordingly, a nonmonotonic
density dependence of spin relaxation can also be expected
for semiconductors with wurtzite structure,” where a k-linear
term due to the wurtzite structure inversion asymmetry (WSIA)
contributes to the SOC.

After the early work of Beschoten et al.,® the wide-gap
semiconductor GaN in its wurtzite phase has shifted into
the focus of interest for possible applications in spintronic
and spin-optoelectronic devices. Beschoten er al. studied
electron spin relaxation in three bulk GaN samples with doping
densities from np = 3.5 x 10'® ¢cm™3 to 9 x 10" cm™3
and found the longest spin lifetime for the intermediate
doping level.® Recently, anisotropic spin relaxation’ and
its temperature dependence were studied in moderately
n-doped GaN up to 300 K.' Spin relaxation was found
to be completely dominated by the intrinsic k-linear WSIA
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spin-orbit contribution via the Dyakonov-Perel mechanism.
However, systematic experimental investigations up to the
highest doping densities and theoretical treatment of DP spin
relaxation in the degenerate wurtzite case have been missing
so far. Here we investigate spin relaxation in 11 different bulk
GaN samples with doping densities up to 1.5 x 10'* cm™3,
corresponding to Fermi temperatures up to 1200 K employ-
ing time-resolved Kerr-rotation (TRKR) spectroscopy. These
measurements greatly exceed the densities investigated so far
and therefore cover high k values of the carriers that had
not been accessed before. We find a nonmonotonic density
dependence of spin lifetimes and demonstrate a shift of the
maximum of the spin lifetime toward higher densities for
increasing lattice temperature. The reduction of spin lifetimes
after the onset of degeneracy is much less dramatic than
in the case of zincblende semiconductors. In addition, we
derive an analytical expression for the density-dependent
spin relaxation tensor for wurtzite semiconductors in the
degenerate regime following Dyakonov-Perel theory. The
additional determination of momentum scattering times allows
a direct comparison to the experiment without any fitting
parameter. Quantitative agreement is found up to the highest
densities.

All 11 GaN samples investigated were grown by molecular
beam epitaxy. Samples A1-A6, B, C1, C2, and E were grown
on Si(111) substrate,'! with the layer sequence given in Table I.
Sample D consists of a 1 um-thick n-type GaN layer on top
of a 350-nm-wide GaN buffer layer, deposited on a GaN
template.'> The top GaN layer is n-doped with Si in each
sample with a room-temperature doping level np determined
by capacitance-voltage spectroscopy and secondary ion mass
spectrometry (SIMS), respectively (sample Al: np (cm™3) =
5x 101, A2: 1.9 x 107, A3: 2.7 x 107, A4: 1.25 x 10'8,
A5: 1.7 x 10'8, A6: 2.4 x 10'8, B: 4.5 x 10'8, C1: 6 x 10'8,
C2:1 x 10", D: 1 x 10", and E: 1.5 x 10'%).

The TRKR transients were measured with the setup
described in Ref. 13. The energy of pump and probe pulse
was varied between 3.458 eV for the lowest doped sample
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TABLE I. Layer structure of samples A1-A6, B, C1, C2, and E, with layer thicknesses given in nm. Sample D is described in the text.

Sample A (B) Sample C1 (C2) Sample E

Layer Thickness Layer Thickness Layer Thickness

n-GaN 236 (194)

GaN 295 (291)

p-GaN 492 (485) n-GaN 194
n-GaN 2000 (500) GaN 302 (288) GaN 485
(GaN)* (1000) n-GaN 242 (192) n-GaN 192
AIN 250 AIN 114 (136) AIN 136
GaN 250 GaN 364 (240) GaN 240
AIN 44 AIN 40 (39) AIN 39

Si(111) substrate

Si(111) substrate

Si(111) substrate

#An extra GaN layer is only in Sample B.

and 3.478 eV for the highest doping level at 7 = 80 K and
between 3.404 and 3.411 eV at T =293 K. The estimated
density of photoexcited carriers was nexe = 2 x 101 cm™ at
T =80Kand2.8 x 10" cm™3 at T = 293 K, respectively.'*
The samples were mounted in a cold-finger cryostat. An
external magnetic field B was applied in the sample
plane.

Figure 1(a) shows TRKR transients for samples with a
doping density np from 5 x 10" up to 1 x 10" cm™ in
a magnetic field Bey = 0.62 T at T = 80 K. The transients
show oscillations with frequency w; = gupBex/h due to
Larmor precession of the electron spins in an external magnetic
field. The temporal decay of the transients directly reflects
the spin relaxation. The corresponding spin relaxation time t
was extracted from exponential decay fits'> [A| exp(—t/z.) +
Aj] exp(—t/ts) to the zero-field transients and damped-cosine
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FIG. 1. (Color online) (a) TRKR transients for doping densities
fromnp =5 x 10°to1 x 10" cm™? at T = 80 K and in an external
magnetic field of Bey = 0.62 T. (b) TRKR transients for sample Al
(np =5 x 10" cm~3) in magnetic fields By, = 0Tupto1.2TatT =
80 K. (c) Magnetic field dependence of the spin relaxation time t
for samples Al (np =5 x 10 cm™3), A5 (np = 1.7 x 10" cm™),
Cl (np =6.0x 10" cm™), and E (np = 1.5 x 10" cm™) at
T =80K.

fits [A| exp(—t/1.) + Azl exp(—t /7, ) cos[wy (t — fp)] to the
transients for Bey > 0, respectively.16

First, we will discuss the magnetic field dependence of spin
relaxation. Figure 1(b) shows exemplarily TRKR transients
for different external magnetic fields Bex for sample Al.
The magnetic field dependence of the corresponding spin
relaxation time is shown in Fig. 1(c) for samples Al, A5,
C1, and E with doping densities from np =5 x 10 cm™
to np =1 x 10" cm™3. The sudden increase of the spin
relaxation time from its zero-field value 7, to 7, 3 = 4/37; in
an external magnetic field is a consequence of the intrinsic
spin relaxation anisotropy in wurtzite semiconductors, as
elaborated in Ref. 9. The anisotropy clearly persists up to
the highest investigated doping level.

As the central result, the doping density dependence of
spin relaxation is shown in Fig. 2 for T =80 K and T =
293 K, where the zero-field values 74(np) (solid symbols)
and the values 3/47; p(np) (open symbols) averaged over
the spin relaxation times 7, p at finite magnetic fields'
are plotted. A nonmonotonic density dependence of spin
relaxation is observed at both temperatures, with a shift of
the maximum spin lifetime to higher densities for increasing
lattice temperature.

In the following, we will show that this nonmonotonic
density dependence can be well explained by Dyakonov-Perel
relaxation, similar to the theoretical description for zincblende
semiconductors by Jiang and Wu.? The intrinsic conduction-
band spin splitting is described by the Dresselhaus and
the WSIA contribution,!” combined in the Hamiltonian!?-!8
Hy, = HP + HY =2Q(k) - 0, with the effective magnetic
field £2(k) and the vector of Pauli spin matrices o. The tensor
y;; of spin relaxation rates is obtained by"

Vij = 38 (R) — (i), . (1)

wherei,j = x,y,z, (- - - ) denotes averaging over the electrons’
momentum distribution, and 7, is the momentum scattering
time. The density dependence of the corresponding spin
relaxation time is therefore determined by both the effec-
tive magnetic field average (ngf) = % (Sij(SZZ) — (Qin))
and the momentum scattering time t,. Two regimes can
be distinguished by the ratio 7/Tr of lattice tempera-

ture 7 to the Fermi temperature Tp = Er/kp, which is
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FIG. 2. (Color online) Doping density dependence of the spin
relaxation time 7, at (a) T = 80 K and (b) 7" = 293 K. The dashed
line indicates the critical density np . (see text).

determined by the electron density np via the Fermi energy
Ep = Gu)3n%n3 )2m*.

(i) In the non-degenerate regime, the Fermi temperature
is below the lattice temperature, Tr < T, and (ngf) varies
only weakly with density. The momentum scattering is dom-
inated by electron-impurity scattering and electron-electron
scattering,”’ with corresponding momentum scattering times

el

iy ee 1 . . .
T, «np and 7,0 xnp, respectively, which decrease with

increasing density in the nondegenerate regime.>’?! The
spin relaxation time t, increases therefore with increasing
density. (ii) In the degenerate regime, the Fermi temperature
is above the lattice temperature, 7F >> T, and momentum
scattering is dominated by electron-impurity scattering, which
is approximately independent of the density for a degenerate
electron gas (r;i o const).”?> The spin relaxation time then
decreases with increasing density since (ngf) increases with
density in the degenerate regime due to the occupation of
higher k states. In total, a nonmonotonic density dependence
of spin relaxation results, with maximum spin lifetimes in
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the crossover regime at a critical density np ., for which the
Fermi temperature Tr(np ) &~ T is comparable to the lattice
temperature 7. Accordingly, a shift of np . toward higher
densities is expected for increasing lattice temperature 7. This
shift can be clearly seen by comparing the density-dependent
spin lifetimes at 7 = 80 K and 7 =293 K in Fig. 2. The
experimental densities for maximum spin lifetimes agree also
very well with the calculated values of np . = 2.3 x 107 cm™3
for Tr =T =80 K and np. = 1.6 x 10'8 cm™ for Ty =
T =293 K (see dashed lines in Fig. 2).23

Finally, we discuss the density dependence of spin relax-
ation in the highly degenerate regime. The spin relaxation
tensor in the degenerate regime can be calculated from Eq. (1)
with the effective magnetic field”-'%8

([0 = i) + e,
Q0 = = | —[re(bkZ = kf) +oe]ee [ )
0

where z[|[0001] (c axis), x[|[1120], y[|[1100], and kf = k? +
ki. The parameters y, and b determine the strength of the
Dresselhaus contribution, while «, gives the size of the WSIA
contribution. The spin relaxation time
w1 318p% 11
T = = 5 — 3
STV T Rl T
due to only the WSIA contribution follows from Eq. (1) by
averaging over the angular distribution of k and replacing k
by the Fermi wave vector k% = (37%)*/ 3n§)/3, which is a good
approximation in the degenerate regime. The spin relaxation
time
» 1 35n? 11
T = — = _
yP 1232 - 8b + 24)mty2 nd 1,

“

due to only the Dresselhaus contribution follows analogously>*
and exhibits the steep 7”2 o nBz dependence well known from
zincblende semiconductors. We note that the intrinsic spin
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FIG. 3. (Color online) Doping density dependence of the mo-
mentum scattering time 7, in the degenerate regime np > 1.3 X
10" cm~3 as determined by van der Pauw measurements at 7 = 80 K
(solid symbols) and T = 293 K (open symbols). The inset shows
the temperature dependence of the mobility u exemplarily for
sample C1.
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FIG. 4. (Color online) Doping density dependence of the product
7,7, of spin relaxation time and momentum scattering time at
(a) T =80 K and (b) T = 293 K. The solid line shows the inverse
averaged effective magnetic field 1/(Q2; ) calculated according to
Eq. (5) for only the WSIA contribution. (c) Calculated doping density
dependence of the inverse effective magnetic field 1/(Q%; ) for
only the WSIA contribution (dashed line), 1/(Q2%; ) for only the
Dresselhaus contribution (dashed-dotted line), and 1/(Q22; ) for both
contributions simultaneously (solid line).

relaxation anisotropy’ with y,; = 2y, = 2yy, persists, which
implies that the above expression for €2(k) is consistent with
our experimental findings up to very high k values.

We further determined the momentum scattering time 7,
by van der Pauw measurements for np > 1.3 x 108 ¢m—3
to compare the spin relaxation times predicted by Egs. (3)
and (4) with the experimental results.>> Figure 3 shows the
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corresponding values for 7, at 7 =80 K (solid symbols)
and T = 293 K (open symbols). The inset shows the typical
temperature dependence of the mobility u exemplarily for
sample C1.%6

The purely experimentally determined product 7,7, can
then be compared to the calculated averaged effective magnetic
field (2 eff) based on the relation 7,7, = 1/(Q2 eff) following
from Eq. (1). Figure 4 shows very good agreement between
the experimental values and the effective magnetic field

47'[4/30[2 2/3

<Qeff w) = 31/3h26 ny, Q)

due to only the WSIA contribution, where the only material
parameter entering is o, = 9.0 meV A as obtained by tight-
binding calculations.'®?” The spin relaxation time z, shows

therefore clearly a 7, ngz/ 3 density dependence, demonstrat-
ing that the WSIA contribution dominates DP spin relaxation
in GaN even up to doping densities of 1.5 x 10'* cm~3. This
Ty X ngz/ 3 density dependence is distinctively different from
the 7, o ;> behavior observed in zincblende semiconductors.
The domination of the WSIA contribution is in agreement
with the only available parameter set o, = 9.0 meV A, y, =
0.32 eV A3, and b = 3.959,'827 for which the Dresselhaus
contribution is expected to dominate DP spin relaxation only
for very high densities np > 10% cm™3 [see Fig. 4(c)].

Equation (2) is derived within kp theory by an expansion
in the wave vector k around the I' point (k = 0). The kp
model breaks down for large wave vectors,”® as is well
known from, e.g., full-zone calculations of the spin splitting in
zincblende semiconductors.>” Here the very good agreement
of the calculated effective magnetic field (Qgﬁlw) with the
experiment in Fig. 4 shows, however, the validity of the kp
expressionup todensitiesnp < 1 x 10'° cm~3, corresponding
to a Fermi wave vector kr = 0.67 nm~", while the deviation
for the highest investigated density np = 1.5 x 10'° cm™
(Fermi wave vector kr = 0.76 nm~") could originate from
an overestimation of the spin splitting by kp theory for
large k.30

In conclusion, we have investigated the doping density
dependence of electron spin relaxation in n-type bulk wurtzite
GaN. The spin relaxation time shows a nonmonotonic de-
pendence on the doping density, where the maximum spin
lifetime shifts to higher densities for increasing temperature.
The decrease of spin lifetimes follows a 7, o nl_)z/ ? density de-
pendence in the degenerate regime as a direct consequence of
a k-linear spin splitting. The density dependence is described
quantitatively without any fitting parameter by an analytical
expression for the spin relaxation tensor, as is shown by the
determination of both spin relaxation times and momentum
scattering times.
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