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Anomalous k-dependent spin splitting in wurtzite Al ,Ga,_ N/GaN heterostructures
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We have observed the k-dependent spin splitting in wurtzite Al Ga;_,N/GaN heterostructures. An anoma-
lous beating pattern was observed in Shubnikov—de Haas measurements due to the interference of Rashba and
Dresselhaus spin-orbit interactions. The dominant mechanism for the k-dependent spin splitting at high values
of k is attributed to Dresselhaus term which is enhanced by the Ac-Acs coupling of wurtzite band folding
effect. The interference of Rashba and Dresselhaus effects in the Al,Ga;_,N/GaN heterostructure provides a
potential candidate for the gate-controlled spin-polarized spintronic devices.
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I. INTRODUCTION

Spin-orbit interaction is the key issue of spin dynamics in
semiconductor spintronics.!? It originates from the relativis-
tic theory of Dirac’s equation to assure symmetry in the
wave equation with respect to space and time derivatives.? In
the atomic case, it is formulated as Hgo=(geh/4mic?) o (p
X VV) for the electron spin interacting with the electric field
(E=-VYV) produced by the nucleus with respect to its orbital
motion, where ¢ is the Pauli matrix, g is the g factor of free
electron, and p is the momentum of electron. In III-V semi-
conductor heterostructures, there are two effects contributing
to the spin-orbit interaction: (i) the structure inversion asym-
metry (SIA) of electrostatic confinement potential at hetero-
interface, i.e., VV=2(dV/dz) (known as the Rashba effect),
and (ii) the bulk inversion asymmetry (BIA) of the lattice
structure in which the coupling between the s wave of atom
A (e.g., s) and the p wave of atom B (e.g., pg) is not equal
to that between the p wave of atom A (e.g., p,) and the s
wave of atom B (e.g., sg), i.e., U(sa,pg)—U(pa,sp) #0
(named the Dresselhaus effect). In zinc-blende structure, the
2D Hamiltonian for the SIA term can be written as
Hy(k)=a(ok,~oyk,), where the Rashba coefficient « is
proportional to the electric field built at heterointerface,
a=apeE,* while for BIA term, it becomes Hp(k)
= (&2 ok, — 0.k, ) + (0 k k.~ ok kD)], where the z axis is
the growth direction and the Dresselhaus constant () is pro-
portional to the strength of the BIA spin-orbit interaction.>™
If we only consider the linear-k terms, then Hj and Hj are
coupled by each other, leading to an anisotropic linear-
k-dependent interference: Hgo(k)=Hg(k)+Hp(k)=al(o .k,
-0k +B(ok,—0k,), where B=—y(k)=—y(m/d)? and d is
the size of quantum confinement.>!? The degree of specular
asymmetry of two-dimensional electron gas (2DEG) at het-
erointerface can be controlled by a gate voltage, and thus the
relative contributions of the two effects are tunable.!*!3 The
spin splitting becomes anisotropic when the two contribu-
tions are comparable, giving an anomalous beating pattern in
magneto-oscillations, e.g., Shubnikov—de Haas (SdH) oscil-
lations. The suppression of beating pattern due to the inter-
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ference of Rashba and Dresselhaus effects was individually
proposed by Tarasenko et al.'' and by Ting et al.'® The in-
terplay between Rashba and Dresselhaus effects activates a
crucial impact in spin dynamics,’ and a large Dresselhaus
term provides significant enhancement for polarization effi-
ciency in spintronic application.'® Recently, the candidate
material for a large Dresselhaus term is focused on III-nitride
compounds due to their inherent property of bulk structure
inversion asymmetry in the z direction.'*

II. SPIN-ORBIT INTERACTION IN WURTZITE GaN

In wurtize Al,Ga;_,N/GaN, the effective spin-splitting
energy AEgq(k) measured by SdH oscillations is widely
spread from 0 to 11 meV,'*!3 Table 1. In theory, the calcu-
lated Rashba spin splitting by a four-band model
(AEx<1meV) is much smaller than the experimental
values.'” On the other hand, the Dresselhaus effect was

TABLE 1. The effective spin-splitting energy versus Al

composition.

Si-doped

at AIGaN mobility n AEg,
X (10" ecm™3) (10> em?/Vs) (102 cm™2)  (meV)
0.112 Undoped 9.15 5.40 25
0.15° Undoped 7.39 2.4-42 4.4-4.8
0.15¢ 5.0 9.54 7.12-757  27-3.6
0.224 Undoped 8.10 8.68-9.39  0-10.38
0.25%f 0.17 6.10 8.16-8.39  4.36-11.2
0.30° Undoped 6.82 8.0 0
031" 3.0 4.0 10.30 5.91

4Reference 18.
bReference 17.
‘Reference 15.
dThis work.

“Reference 14.
fReference 16.
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evaluated in wurtzite lattice with intrinsic bulk inversion
asymmetry by Lew Yan Voon et al.?® It was pointed out that
the linear-k term can also arise from the weak s-p, mixing of
conduction band at k=0 due to the second Ga-N neighbor
interaction.”! However, the Dresselhaus spin-splitting energy
calculated by the four-band model is very small (e.g., AE},
<0.5 and 0.05 meV for CdS and ZnO, respectively).?
Therefore, the Rashba and Dresselhaus effects, which con-
sider the spin-orbit interaction between conduction and va-
lence bands (the four-band model), are not enough to account
for the large spin splitting observed in Al Ga;_N/GaN. Re-
cently, we proposed a model of Aq;-Ac; coupling to interpret
the large spin splitting, which is caused by a band folding
effect due to the different sizes of unit cells in the hexagonal
direction between zinc-blende and wurtzite lattices.?? There-
fore, we can extend the Rashba term to include the intrinsic
wurtzite structure inversion asymmetry (WSIA) effect,*?!
which leads to a linear-k term, Hy(k)= e, ,(0k,—oyk,), with
a,,,=ageE+Cyga. Here, for convenient reasons, we used
the Rashba coefficient («,,.) to represent the WSIA constant
(Cywsia) term, as well as the term induced by the electric field
at heterointerface (E). Therefore, the WSIA constant (Cyygia)
represents the linear-k term of net effect due to the WSIA,
including the linear-k term induced by the weak s-p, mixing
of conduction band due to the second Ga-N neighbor
interactions?! and the linear-k term caused by crystal field
and strain.?® In the meanwhile, the Dresselhaus term be-
comes H D(k):*ywz(kﬁ—bk?)(axky—a'ykx), where b=4 for an
ideal wurtzite. Both Hy and H), are proportional to (o.k,
—o,k,). This isotropic behavior was recently demonstrated to
evaluate the Rashba term in GaN/AlGaN.2* However, the
Rashba term itself has only a spin degeneracy at the I" point
(k=0), implying that the observation of spin-degenerate
states other than the I' point evidences the presence
of the Dresselhaus term. The Hamiltonian for the Hy and Hp,
interference becomes isotropic: Hyo(k)=[a,,.— 'ywz(bk?—kﬁ)]
X(ok,—~ayk,). The suppression of the beating pattern
due to the interference of Hj, and Hpy turns into a spin-

100 200 300 400
FFT frequency (T)

degenerate sandglass cone with a degenerate equation:
[ay,.— 7W2(bk§—kﬁ)]=0. The schematic spin-degenerate sand-
glass surface for a bulk wurtizte structure is plotted with
Yi:=4.735 [eV/(m/c)*] and «,,,=—0.047 35 [eV/(m/c)] in
Fig. 1(a). Besides, in Al,Ga,_,N/GaN the piezoelectric field
built at heterointerface®* can enhance the Rashba effect, as
well. Therefore, the mechanism of spin splitting consists of
four parts: Rashba («,,,) term, Dresselhaus (,,.) term, piezo-
electric field, and Aq;-Aq; coupling. The heterointerface of
Al Ga;_N/GaN plays a role to offer an x-dependent conduc-
tion band offset and a piezoelectric field. Consequently, the
gate-controlled spin-splitting 2DEG at heterointerface pro-
vides a potential candidate for the application of spintronic
devices.

II1. SHUBNIKOV-de HAAS MEASUREMENT

The Al,Ga;_N/GaN samples were grown by metal-
organic chemical-vapor deposition on a c-plane sapphire
with ferrocene as an iron doping source. Above the sapphire
substrate, the sample consists of a 100-nm-thick GaN buffer
layer, an 800-nm-thick Fe-doped GaN layer, an unintention-
ally doped 1.6-um-thick GaN layer, and an unintentionally
doped 25-nm-thick Al,Ga;_,N barrier layer on the top. The
Fe-doped impurities are used to form deep-level electron
traps to capture the n-type carriers as an insulating buffer
(the activation energy is 0.5 eV).”> A Hall-bar-shaped
2X 6 mm? sample (x=0.22) with indium Ohmic contacts
was annealed at 350 °C for 5 min under N, forming gas.
The persistent photoconductivity (PPC) effect was provided
by illuminating the sample at 7~0.38 K for different time
periods using a blue-light-emitting diode of 472 nm wave-
length. Before illumination, the carrier concentration is
9.1 X 10'? cm™ and the mobility is 8.1 X 103 cm?/V s (deter-
mined from Hall measurement at 7~ 0.38 K). After an ex-
tensive illumination, the carrier concentration increases by
14% to 10.4X 10" cm™2, but the mobility decreases to
6.3 10° cm?/V s. The increased carriers were mostly trans-
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FIG. 2. (a) The SdH measurements for different illumination
times at 7=0.38 K and (b) their FFT spectra. (c) The temperature-
dependent SdH measurements after the 12671 s illumination and
(d) their FFT spectra.

ferred from the deep-level electron traps located at the re-
mote Fe-doped GaN layer.?® We performed the SdH mea-
surement on the sample for the magnetic field (B) from
0.5 to 12 T. Because the oscillation part of magnetoresis-
tance (Rxx) is a cosine function against 1/B, the SdH data
(2048 points) were taken with equal spacing of 1/B for the
purpose of fast Fourier transformation (FFT). The resolution
of the SdH frequency in the FFT spectrum is equal to 0.26 T,
which can detect the change of 0.13 X 10'' cm™ in the 2D
carrier concentration. The SdH measurements and their FFT
spectra at different temperatures before illumination are
shown in Figs. 1(b) and 1(d). A single oscillation is detected
at frequency f,=179.27 T, giving the carrier concentration
of first subband n,=2f,e/h=8.68 X 10'> cm™2, and a Zeeman
splitting is observed at high fields (e.g., B>10 T) for tem-
peratures lower than 2.20 K.?7 Since the first subband carrier
concentration is less than the Hall carrier concentration, the
excess carriers may reside in the second subband. Because of
the greater mobility, only the SdH oscillation of the first
subband is detected. It is confirmed by the measured effec-
tive mass extracted from the temperature dependence of SdH
amplitudes at the fields of peak positions [Fig. 1(c)]. The
average value of the mass (m"/my=0.215+0.003) is equal to
the first subband effective mass.'6

Figure 2 shows the SdH measurements and their FFT
spectra after the PPC effect for different illumination times.
The spin splitting of the first subband (i.e., f; and f|) appears
after 71 s illumination, and the peaks separate farther for a
longer illumination until saturation [Fig. 2(b)]. The ampli-
tude of the spin-down oscillation (f|) decreases with the il-
lumination time, but that of the spin-up oscillation (f) in-
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creases, relatively. Zeeman splitting also appears at high
fields for 3 and 71 s illuminations. Zeeman splitting has been
observed by Cho et al.?’ and analyzed in the presence of
Rashba and Dresselhaus effects by de Andrada e Silva
et al.”® It was shown that the Zeeman splitting can be de-
tected at high fields as the Zeeman energy is greater than the
energy of the spin-orbit interaction. The effective g factor is
about 2 for GaN,?’ and hence, the Zeeman splitting for
B>10T (AE;>0.58 meV) is greater than the effective
spin-splitting energy (AEg) in the first two measurements (3
and 71 s). Since Zeeman splitting is linearly dependent on B
(AE,=g" ugB), it produces only a phase constant in the SdH
oscillation and will not change the frequency for large Lan-
dau levels like our case. As a result, Zeeman splitting en-
hances the amplitude of the second harmonic peak in the
FFT spectrum [see the peak at 2f; frequency in Fig. 1(b)]. In
Fig. 2(b), a third peak (fyns) is growing between the two
spin-splitting peaks in the longer illuminations. A three-peak
SdH pattern was reported by Tsubaki et al.'> and by Averkiev
et al.?® The former attributed the third peak to a magnetoint-
ersubband scattering (MIS) component, and the latter as-
cribed it to the third harmonics of the interference of Rashba
and Dresselhaus terms. The MIS component is a second-
order resonant scattering oscillation between the first (f;) and
second (f,) subbands with a frequency fyns=fi-f2, and its
amplitude does not contain the temperature damping factor.
Without the temperature damping factor, the MIS component
is less sensitive to the change of temperature. We checked
the SdH oscillations at different temperatures after 12671 s
illumination and showed them in Figs. 2(c) and 2(d). It is
evident that there is no change in the frequencies when the
temperature increases. The amplitude of the fy;g peak has
less sensitivity to temperature, but the temperature sensitivity
of f; and f| peaks is consistent with that of f; peak in Fig.
1(d). Besides, the value of the fy;s frequency is approxi-
mately equal to the difference of f; and f, frequencies.
Therefore, we conclude that the peak of fyyg is due to the
MIS component between the f; and f, oscillations. In addi-
tion, Thillosen et al. mentioned another possibility of beating
effect in SAH oscillations: the inhomogeneities in the AlGaN
barrier, which will produce a weak antilocalization effect.!”
Because both weak antilocalization and weak localization
effects’® are induced by the inhomogeneities in a 2DEG due
to the electron-electron interaction, they will generate a
negative magnetoresistance at low magnetic field, i.e., nega-
tive ARxx(B)=Rxx(B)—Rxx(0). Because of the absence of
negative magnetoresistance in Fig. 2, we also eliminated the
possibility of beating pattern induced by inhomogeneities. In
order to evaluate these peaks more precisely against the illu-
mination time, we repeated the SdH measurements after
warming up the sample at room temperature for a couple of
days. Figure 3 shows the precise measurements at 7
~0.38 K and their FFT spectra. The single SdH oscillation (
/1 peak) is detected for the illumination time less than 193 s,
and it splits apparently after 313 s illumination [Fig. 3(b)].
The two spin-splitting peaks separate farther by longer illu-
minations. The amplitude of the f| peak decreases, but that
of the f; peak increases with the illumination time, as ob-
served in Fig. 2. In the last two spectra, it is clearly shown
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FIG. 3. (a) The SAdH measurements against the illumination time
at T=0.38 K and (b) their FFT spectra.

that the fy;s peak is split away from the f; peak. The SdH
frequencies versus total illumination time are plotted in Fig.
4(a); the open circles indicate the f; frequency before split-
ting, and f; (soild circles) and f| (solid squares) are the fre-
quencies of spin-up and spin-down first subbands. We calcu-
lated the carrier concentrations for the two spin subbands
from the SdH frequencies and plotted them against the first
subband carrier concentration (i.e., n;=n;+n|) in Fig. 4(b),
where n;=f;e/h. The factor of 2 is removed due to the lift of
spin degeneracy. The effective spin-splitting energy was cal-
culated from the carrier concentrations of spin subbands,
AE;O=2ﬂ'ﬁ2(nT—nl)/m*, and plotted against the mean
Fermi wave vector, k‘}: (27n,)"2, in Fig. 4(c). We obtained
the k-dependent AEg, and extrapolated it to zero at kb
=7.37%x10% m™..
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FIG. 4. (a) The SdH frequencies obtained from Fig. 3. (b) The
carrier concentrations of spin-up (n;) and spin-down (n)) first sub-
bands versus the total carrier concentration of the first subband
(ny=n;+n)). (c) The effective spin-splitting energy (AE;O) versus
the Fermi wave vector. (d) The calculated electric field (E) and
average distance of electron from the heterointerface (z) against the
total sheet carrier concentration (ny).
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IV. DISCUSSIONS

The 2D Hamiltonian of Rashba and Dresselhaus terms
can be written as Hgo(k)=[e,,.— ywz(b<k§)—kﬁ)](o-xky—aykx),
and the effective spin-splitting energy becomes AE;O(k)
=2[ (.= Wb (k2))ky+ ¥,,k7 1. Tt can be separated into linear-
ky, and cubic-k; terms. If Hgo is solely governed by the
Rashba term (1,,.=0), a beating pattern of SdH oscillations
arises from two isotropic spin-splitting concentric Fermi
circles. However, if [awz—ywz(b(k@—kﬁ)]:O, the two-spin
subbands are degenerate (i.e., AE§O=O), and hence, the beat-
ing pattern does not appear [e.g., twofold spin degenerate
with a constant (k) in Fig. 1(a)]. As we mentioned before,
the mechanism of spin splitting in Al,Ga,_N/GaN consists
of four parts: Rashba (a,,) term, Dresselhaus (7,.) term,
piezoelectric field, and Ac;-Ac; coupling. Garrido et al.
showed that the electric field E due to the piezoelectric and
spontaneous  polarization depends linearly on Al
composition.>* The Rashba coefficient a,,, thus increases lin-
early with Al composition, a,,.(x)=ayeE+Cywgia. In the
meanwhile, the stronger electric field gives a better quantum
confinement (i.e., a smaller confinement size d). As a result,
(kf) increases with Al composition as well, and hence, the
Fermi wave vector k* =(kﬁr ,kf ) of 2DEG will be pushed to-
ward the anticrossing zone of Ac; and Ac; bands.?? The spin-
splitting energy (mainly the Dresselhaus term) is tremen-
dously enhanced by the Ag;-Acs coupling due to the
increased p-wave probability in the Ac; band, leading to an
enhancement of the effective Dresselhaus constant (7;1). As
long as the spin-degenerate equation is held, the AEZO(k)
vanishes due to the interference of Rashba and Dresselhaus
terms (i.e., no beating SAH oscillations). If the equation is
broken with a variation of kf (e.g., by the PPC effect here or
by a gate voltage in Ref. 15), the beating pattern occurs [e.g.,
as observed in Fig. 2(a) and repeated in Fig. 3(a)]. Since both
kf and <kf ) are functions of the 2D carrier concentration, we
define a characteristic wave vector: the threshold wave vec-
tor (kﬁh), at which the twofold degeneracy is just broken,
leading to a nonvanishing AE;O(k). In Fig. 4(c), we fitted the
AE;O(k) versus (kflF 3 the dotted line, and obtained the
threshold wave vector k"=7.37 X 103 m~!. We also fitted the
AE;O(k) versus linear k; for comparison (the solid line). It is
found that these two fits do not have much difference in the
measured k. The threshold kﬁh should be smaller than the
value of (k;). The size of quantum confinement can be writ-
ten as d=2(z), where (z) is the average distance of electron
from the heterointerface (see Fig. 5). We estimated the elec-
tric field E and the average distance (z) as functions of the
total sheet carrier concentration ny by a self-consistent solu-
tion of Poisson and Schrodinger equations. The material pa-
rameters for the piezoelectric coefficients in Ref. 24 were
used. The results of calculated (z) and E are shown in Fig.
4(d). The (z) is about 1.40 nm at n;=8.65X 10'> cm™2 and
reduces to 1.29 nm at n;=9.87 X 10'2 cm™2, but the E in-
creases from 1.22 to 1.36 MV/cm. Thus, the calculated (kZF )
is 1.12X 10° m~!, which is greater than the threshold wave
vector, as we predicted. The value of ((kf )?) increases by
18%, but the E increases only by 11%. Therefore, the degen-
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=(w/d). The size of quantum confinement can be written as d
=2(z), where (z) is the average distance from barrier, and hence,
k,=/2(z). This k. is independent of the Fermi level. However, for
a 2DEG in a heterostructure, the quantum confinement, d=2(z), is
no longer a constant due to the band bending at the heterojunction.
The band bending is dependent on the carrier concentration and the
sample parameters (e.g., x and Si-doping level). As a result, the
quantized wave vector is dependent on the Fermi level, denoted as

(KL).

eracy of two spin subbands was broken, and hence, the
Dresselhaus term starts to dominate AE;O(k). The nonvan-
ishing AE;o(k) for beating pattern depends on the competi-
tion between Rashba («,,.) and Dresselhaus (8,,.) terms, re-
sulting in the varied AEg,(k) observed in Al,Ga,_N/GaN
(Table I). It is noted that the Si-doping level at Al,Ga;_ N
will alter both E and (z), yielding a fluctuation in AE;O(k).
Besides, the band gap in the Al,Ga;_,N layer is a function of
Al composition with an effective bowing parameter of 0.8,%*
yielding an x-dependent band offset (the barrier height) and
polarization-induced field discontinuity (e.g., the piezoelec-
tric effect) at the heterointerface. The effective spin-splitting
energy AE;O(k) is therefore x dependent as well. For in-
stance, Garrido et al. calculated that the field discontinuity is
about 0.9 MV/cm for x=0.15 and it increases by ~90%
when Al composition is extrapolated to x=0.3.>* The Rashba
linear-k term (ayeE) is thus enhanced by ~90% when Al
composition increases from x=0.15 to 0.3. In Ref. 17,
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Thillosen et al. observed the SdH beating pattern in
Al,Ga,_N/GaN for samples 1 and 2 (both x=0.15) but not
observed for sample 3 (x=0.3). They attributed the origin of
the SAH beating pattern to the inhomogeneities and did not
explain why no beating pattern is observed for sample 3. Our
model presented here provides a possible explanation. The
reason is that samples 1 and 2 in Ref. 17 have a smaller
Rashba linear-k term due to a smaller polarization-induced
field (x=0.15), resulting in a nondegenerate spin-splitting
state which gives rise to a beating pattern in SdH oscilla-
tions. On the contrary, for sample 3, its Rashba linear-k term
becomes much greater (due to the stronger polarization-
induced field for x=0.3 as compared to x=0.15). The inter-
ference of Rashba and Dresselhaus effects yields a spin-
degenerate state, and hence, no beating pattern is observed in
the SdH measurements.

V. CONCLUSION

We have observed the spin-splitting beat pattern in SdH
oscillations. From the temperature-dependent SdH measure-
ment, we eliminated the possibility of MIS for the beating
pattern of SdH oscillations. We also ruled out the possibility
of inhomogeneity effect due to the absence of negative mag-
netoresistance. We presented an evidence for the spin-
degenerate state in Al,Ga;_N/GaN due to the interference
of Rashba and Dresselhaus effects. The nonvanishing
AEg(k) for the beating pattern of SdH oscillations depends
on the competition between Rashba (a,,,) and Dresselhaus
(B,,) terms. The dominant mechanism for the k-dependent
spin splitting at high values of k is attributed to the Dressel-
haus term which is enhanced by the Aq;-Aq; coupling of the
wurtzite band folding effect. The model for the interference
of Rashba and Dresselhaus effects can explain the varied
AE;O(k) observed in Al,Ga;_,N/GaN obtained by many
groups. Based on the model, the effective spin-splitting en-
ergy AEg,(k) in the Al,Ga;_,N/GaN heterostructure is gate
controllable for the spin-polarized field-effect transistor.
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