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Spin splitting of conduction-band energy levels in a modulation-doped InP/In0.77Ga0.23As/InP quantum well
has been studied by Shubnikov–de Haas oscillations. By analyzing the characteristic beating pattern of the
oscillations the coupling constanta for spin-orbit interaction was determined. Biasing a gate on top of a Hall
bar was used to modify the strength of the spin-orbit coupling. The measured spin-orbit coupling parametera
is quantitatively explained by utilizing a refined envelope-function-approximation theory for heterostructures.
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At zero or low magnetic fields, conduction-band electrons
in III-V heterostructures are usually treated as spin degener-
ated. Depending on the symmetry of the heterostructure it
can occur that spin-orbit coupling leads to a splitting into
two-spin separated levels. In the past, different theoretical
models were developed in order to describe the origin of the
spin splitting. One explanation is based on the fact that the
zinc-blende lattice of common III-V semiconductors, e.g.,
GaAs, is asymmetric with respect to inversion.1,2 This bulk
crystal contribution leads to a spin split proportional tok3. In
addition, spin-orbit coupling can also be induced by a sur-
face electric field of a heterostructure, the so-called Rashba
term.3,4 Here, the electric field due to band bending in a
two-dimensional electron gas~2DEG! or in an asymmetric
quantum well couples to the spin of the electrons in the
conductive channel. Theoretically, it was shown that narrow
gap semiconductors, such as InSb or InAs, exhibit a strong
Rashba-like behavior, whereas thek3 dependence is domi-
nant in wide gap materials such as AlxGa12xAs/GaAs.

5–7

Experimentally, spin split III-V heterostructures can be
studied by measuring Shubnikov–de Haas~SdH! oscilla-
tions. A characteristic beating pattern indicates the occupa-
tion of two different subbands due to spin-orbit coupling of
the electrons in the channel. Using this method, the spin-
orbit coupling of electrons in a GaSb/InAs/GaSb quantum
well was measured by Luoet al.8,9 By comparing samples
with different quantum-well widths it was concluded that the
Rashba term is the dominant spin-splitting mechanism for
the specific quantum well and that thek3 term can be
neglected. Lifting of the spin degeneracy was also studied on
strained InxGa12xAs/In0.52Al0.48As quantum wells.10,11

Here, it was shown that the Rashba spin-orbit term domi-
nates over the bulkk3term. A comparison of the theoretically
estimated spin-splitting energy with the experimentally de-
termined value only showed poor agreement. The experi-
mental value exceeded the calculated one by a factor of
'2.6.11

In order to get further insight into the spin-splitting
mechanisms, we performed Shubnikov–de Haas studies on
gate-controlled strained InP/In0.77Ga0.23As/InP quantum
wells. By applying a gate voltage on a metallic gate covering
the Hall bar structure the symmetry of the underlying quan-

tum well was varied systematically. The spin-orbit coupling
parameter as a function of the gate voltage was determined
from the measured beating pattern in the Shubnikov–de
Haas oscillations. A detailed analysis of the Rashba term
shows that the simple approach, by only calculating the con-
tribution of the expectation value of the electric field inside
the quantum well, is not sufficient to get a good agreement
between theory and experiment. As has already been ob-
served by Daset al.,11 the theoretically obtained spin-orbit
coupling parameter is, in this case, much smaller than the
experimentally deduceda. By using a refined envelope-
function theory, a very good agreement between theory and
experimental values was obtained.

We have used a heterostructure grown by metal organic
vapor phase epitaxy on a semi-insulating InP^100& substrate.
First, a 500-nm-thick InP buffer layer was grown followed
by a 10-nm-thick, 1.031018 cm23 n-doped InP layer, and a
8-nm-thick InP spacer layer. Subsequently, a 10-nm-thick
strained In0.77Ga0.23As channel layer was grown which was
finally capped by a 40-nm-thick undoped InP layer. By using
a quantum well, which is only 40 nm below the surface, the
potential profile of the well can easily be modified by biasing
a gate on top of the layer system. A 200-mm-wide and 600-
mm-long Hall bar was prepared by wet chemical mesa etch-
ing. Ohmic contacts of Ni/AuGe/Ni~5 nm/90 nm/25 nm!
were tempered at 400 °C for 2 min. Finally, a layer of 150-
nm-thick PECVD-SiO2 ~plasma-enhanced chemical-vapor
deposition! was deposited followed by a Cr/Au gate structure
~5 nm/100 nm! covering the electrically active region of the
Hall bar completely. The fully prepared sample yields a car-
rier concentration ofn51.5931012 cm22 and a mobility of
m5200 500 cm2/V s at zero-voltage gate bias.

The SdH oscillations shown in Fig. 1. are measured in
lock-in technique with a current of 1mA at a temperature of
0.3 K. The gate voltage is applied between the 2DEG and the
top metallization layer. The voltage was adjusted between
26 and 12 V without any measurable leakage current
through the SiO2 insulation layer. For positive voltages
higher than12 V, the SdH pattern does not change signifi-
cantly. The carrier concentration in the channel saturates
without filling the second subband. For a voltage below26
V the SdH-oscillations vanish between 0 and 1.2 T. The
spin-orbit coupling parameter thus can not be extracted.
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There are three major features clearly resolved. First, the
carrier concentration is lowered due to negative gate volt-
ages. This can be seen by the diminished SdH frequency
~Fig. 2!. Second, as a consequence of the reduction of carrier
density and the reduced mobility, the resistance atB50 in-
creases. Third, the position of the nodes in the SdH ampli-
tude is shifted which indicates a change in the beating effect
between two closely spaced SdH frequencies.

The 1/B Fourier transform of the longitudinal magnetore-
sistance, shown in Fig. 2, clearly resolves a double-peak
structure. The~horizontal! frequency axis is normalized to
spin degeneracy as is typically done for SdH evaluation of
the two-dimensional carrier concentration. When more than
one frequency peak appears for a given SdH measurement,
one has to take the sum of the corresponding carrier concen-

trations. This is correct for multiple peaks originating from
the occupation of multiple two-dimensional subbands. The
sum of the carriers typically yield the carrier concentration of
standard Hall-effect measurements. In our case, the sum of
the carriers taken from the double-peak structure is exactly
twice as high as the Hall concentration indicating that we
have to deal with a single two-dimensional subband split into
two nonspin-degenerate sublevels. The density of states
Z6(E) as a function of electron energy of each spin subband
is therefore half the density of a degenerated two-
dimensional subbandZ5m* /(p\2) modified by an energy-
dependent correction factor

Z6~E!5
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This expression is derived from the energy eigenvalues« of
an unperturbated two-dimensional subband with Rashba
spin-orbit coupling:
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a is the spin-orbit coupling coefficient,Esub is the energy of
the i th two-dimensional subband,E is the energy above the
subband bottom,m* is the direction-independent effective
mass in the conducting channel, andkI i is the electron wave
vector in the two-dimensional layer.

By taking the differences in carrier concentrationDn of
the spin subbands at low temperature and low magnetic
fields ~ B,1.5 T! from the Fourier spectra in Fig. 2, we use
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for the computational of the experimental values of the spin-
orbit coupling parametera ~Fig. 3!.13 It is seen thata mo-

FIG. 3. Values for the spin-orbit coupling parametera given by
experiment and theory. The error bars of the experimental values
result from the finite width of the peaks in the Fourier spectra, while
the error bars of the theoretical values result from the numerical
errors resulting from the determination of the electron wave func-
tion.

FIG. 1. Shubnikov–de Haas oscillations at a temperature of 0.3
K with the gate voltage changed as a parameter.

FIG. 2. Fourier transform taken from the SdH oscillations of
Fig. 1.
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notonously increases from an initial value of 6.3
310212 eV m for a gate voltage of12 V up to a maximum
value of 15.3310212 eV m at26 V. As confirmed by the
following theoretical calculation ofa, biasing the gate with a
more negative voltage leads to an increase of the net electric
field in the well and consequently to an increase of the
Rashba spin-orbit term.

Our theoretical calculation of the coupling constanta is
based on an improved envelope-function theory.12 Usually
the envelope-function theory is used for the description of
electronic bulk semiconductor states, where the electronic
states are described by the product of a band-edge Bloch
function and an envelope function. Since the envelope func-
tion only changes in large distances in comparison with the
lattice constant, this method is known to be limited to slowly
varying potentials. For the calculation ofa, an improved
envelope-function theory was developed which can deal with
abrupt potential changes as they occur in heterostructures.
Since thek3 contribution can be neglected for our material
system,11 only the Rashba term was considered. Within this
new framework the expression for the spin-orbit coupling
parametera of our particular quantum well is given by

a5
\2Ep

6m0
$a8^EA&1b8~^BBu&1^EB1&!2 1

2b~ uCuu22uC l u2!%,

where Ep is the k–p interaction parameter. The value
Ep522 eV used here for our In0.53Ga0.47As channel material
was linearly interpolated from the values of InAs and GaAs.
^EA& is the expectation value of the electric field in the chan-
nel ~A), whereaŝ EBu& and ^EBl& are the expectation values

in the upper and lower InP barriers~Bu ,Bl!, respectively.
uCuu2 and uC l u2 are the squared electron probabilities at the
upper and lower conduction band discontinuities, respec-
tively. The prefactorsa8, b8, andb are given by
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Here,E is the energy of the electronic state in the quantum
well. From the expressions fora8, b8, andb it can be seen
that theG6 conduction band of the channel layer is coupled
to the energetic nearest neighbors, in our case theG7 and
G8 valence band maxima. Forb8and b, the differences
DEG7

andDEG8
between theG7 andG8 band of the channel

material~A! and the barrier material (B! has to be considered
in addition. SinceEG7

(A) andEG8

(A) is of the order of eV, while

the energetic distance betweenE andEG6

(A) is usually of the

order of meV, we neglectE2EG6

(A) for the computation

of a.
The contributiona8^EA& describes the spin-orbit coupling

originating from the quantum well alone. If a quantum well
with infinite potential barriers is assumed, this would be the
only contributions to the Rashba spin-orbit coupling term.
Indeed, thea8^EA& term is, in principle, identical to the
Rashba term derived by de Andrada e Silvaet al.,7 for a
triangular well with an infinite potential barrier at the inter-
face. For a finite barrier, as in our case, the electron wave
function leaks into the barrier, which results in an additional
contributionb8(^EBu&1^EBl&). Finally, the abrupt change of
the potential at the heterointerfaces leads to a term which is
proportional to the difference of the electron probability at
the heterointerfaces. This contribution would vanish only in
the case when the electron probability is identical on both
sides of the quantum well.

By using a self-consistent Schro¨dinger-Poisson solver,14

we computed the particular potential profile of the conduc-
tion band, the electron wave functionC(z), and the electric
field E(z)52df(z)/dz as a function of growth directionz
necessary for the determination of the theoretical value ofa.
The variation of the gate voltage on top of the sample is

FIG. 4. Conduction-band potential and electron probability for a
gate voltage of12 V ~full line! and26 V ~dashed line!.

FIG. 5. Electric field weighted by the electron probability for a
gate voltage of12 V ~full line! and26 V ~dashed line!.
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introduced to the numerical simulation by varying the sur-
face pinning of the conduction band in each computation in
order to fit the particular experimental sheet carrier concen-
tration. The conduction band profiles for gate voltages of26
V and 12 V are shown in Fig. 4 together with the corre-
sponding electron wave functions. The electric field
weighted by the electron probability density is shown in Fig.
5. One can clearly resolve the very strong change in spatial
symmetry due to the applied voltage at the surface of the
sample which alters the spin coupling. The nearly rectangu-
lar shaped potential atVgate512 V is much more symmetric
with respect to its center~z545 nm! than the triangle formed
conduction band forVgate526 V. As a consequence, the
electron probability density is shifted away from the middle
yielding a larger difference at the channel boundaries. Thus
the theoretical values fora in Fig. 3 clearly rise for negative
gate voltages which fits the experimental findings quantita-
tively, very well. In addition, the pure field-induced contri-
bution toa in the channel material is also plotted, since it
clarifies the importance of the derived interface probability
terms for the calculation ofa. For a gate bias of12 V the
electric field changes sign within the quantum well~Fig. 4!.

Consequently, this leads to a smaller value of thea8 ^EA&
contribution toa in comparison to the26 V gate bias.

In conclusion, the Rashba spin-orbit coupling of the
conduction-band electrons in InP/InxGa12xAs/InP quantum-
well structures was investigated. By covering a Hall bar with
a gate, it was possible to change the symmetry of the quan-
tum well in a defined fashion by applying an external gate
voltage. The corresponding spin-orbit coupling constant
could be extracted from the characteristic beating pattern of
the Shubnikov–de Haas oscillations. A comparison with the
results of a refined envelope-function theory shows that the
contribution of the electric field in the quantum well does not
explain the strength of the measured spin-orbit coupling
alone. Quantitative agreement between experiment and
theory is obtained by including additional interface terms
together with electric-field-induced coupling inside the bar-
rier.
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