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Experimental and theoretical approach to spin splitting in modulation-doped InGa; _,As/InP
guantum wells for B—0
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Spin splitting of conduction-band energy levels in a modulation-doped IgRGi&, ,As/INP quantum well
has been studied by Shubnikov—de Haas oscillations. By analyzing the characteristic beating pattern of the
oscillations the coupling constantfor 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 patameter
is quantitatively explained by utilizing a refined envelope-function-approximation theory for heterostructures.
[S0163-182807)51704-9

At zero or low magnetic fields, conduction-band electronsum well was varied systematically. The spin-orbit coupling
in 11I-V heterostructures are usually treated as spin degeneparameter as a function of the gate voltage was determined
ated. Depending on the symmetry of the heterostructure #fom the measured beating pattern in the Shubnikov—de
can occur that spin-orbit coupling leads to a splitting intoHaas oscillatlon_s. A detailed analysis of the R_ashba term
two-spin separated levels. In the past, different theoreticafi'©Ws that the simple approach, by only calculating the con-
models were developed in order to describe the origin of thénbutmn of the expectauon vfal_ue of the electric field inside
spin splitting. One explanation is based on the fact that th e quantum well, is not su_fﬂment to get a good agreement
zinc-blende lattice of common IlI-V semiconductors, e.g., etween theory and experiment. As has already been ob-

11 . . . _ .
GaAs, is asymmetric with respect to inversiohThis bulk serve_d by Dawt al, . th_e thgoreﬂcally obtained spin-orbit
A . . : coupling parameter is, in this case, much smaller than the
crystal contribution leads to a spin split proportionakfo In

" : . . . experimentally deduced. By using a refined envelope-
addition, s_plnjorblt coupling can also be induced by a SUunction theory, a very good agreement between theory and
face 3electr|c field of a hgter.ostructure, the so—calle_d R‘?‘Shb@xperimental values was obtained.
term™" Here, the electric field due to band bending in @ e have used a heterostructure grown by metal organic
two-dimensional electron ga@DEG) or in an asymmetric  yapor phase epitaxy on a semi-insulating (4B substrate.
quantum well couples to the spin of the electrons in therjrst, a 500-nm-thick InP buffer layer was grown followed
conductive channel. Theoretically, it was shown that narrovhy a 10-nm-thick, 1.810*® cm™2 n-doped InP layer, and a
gap semiconductors, such as InSb or InAs, exhibit a strong-nm-thick InP spacer layer. Subsequently, a 10-nm-thick
Rashba-like behavior, whereas tké dependence is domi- strained I ,/GayAs channel layer was grown which was
nant in wide gap materials such as @k, _,As/GaAs>~’ finally capped by a 40-nm-thick undoped InP layer. By using

Experimentally, spin split Ill-V heterostructures can bea quantum well, which is only 40 nm below the surface, the
studied by measuring Shubnikov—de Ha@ilH) oscilla-  potential profile of the well can easily be modified by biasing
tions. A characteristic beating pattern indicates the occupaa gate on top of the layer system. A 2p83-wide and 600-
tion of two different subbands due to spin-orbit coupling of um-long Hall bar was prepared by wet chemical mesa etch-
the electrons in the channel. Using this method, the spining. Ohmic contacts of Ni/AuGe/N{5 nm/90 nm/25 nm
orbit coupling of electrons in a GaSb/InAs/GaSb quantumwere tempered at 400 °C for 2 min. Finally, a layer of 150-
well was measured by Luet al®® By comparing samples nm-thick PECVD-SIiQ (plasma-enhanced chemical-vapor
with different quantum-well widths it was concluded that the deposition was deposited followed by a Cr/Au gate structure
Rashba term is the dominant spin-splitting mechanism fof5 nm/100 nm covering the electrically active region of the
the specific quantum well and that tie€ term can be Hall bar completely. The fully prepared sample yields a car-
neglected. Lifting of the spin degeneracy was also studied orier concentration ofi=1.59x 10> ¢cm~2 and a mobility of
strained InGa, _,As/Ing 5,Alg 49As  quantum  welld%™ ;=200 500 cr/V s at zero-voltage gate bias.

Here, it was shown that the Rashba spin-orbit term domi- The SdH oscillations shown in Fig. 1. are measured in
nates over the bulk®term. A comparison of the theoretically lock-in technique with a current of ZA at a temperature of
estimated spin-splitting energy with the experimentally de-0.3 K. The gate voltage is applied between the 2DEG and the
termined value only showed poor agreement. The experitop metallization layer. The voltage was adjusted between
mental value exceeded the calculated one by a factor of6 and +2 V without any measurable leakage current
~2.61 through the Si@ insulation layer. For positive voltages

In order to get further insight into the spin-splitting higher than+2 V, the SdH pattern does not change signifi-
mechanisms, we performed Shubnikov—de Haas studies arantly. The carrier concentration in the channel saturates
gate-controlled strained InPJrGay,As/InP  quantum  without filling the second subband. For a voltage belo&
wells. By applying a gate voltage on a metallic gate coveringV the SdH-oscillations vanish between 0 and 1.2 T. The
the Hall bar structure the symmetry of the underlying quan-spin-orbit coupling parameter thus can not be extracted.
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FIG. 3. Values for the spin-orbit coupling parametegiven 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.

trations. This is correct for multiple peaks originating from
04 06 08 1 12 the occupation of multiple two-dimensional subbands. The
B [T] sum of the carriers typically yield the carrier concentration of
standard Hall-effect measurements. In our case, the sum of
FIG. 1. Shubnikov—de Haas oscillations at a temperature of 0.3he carriers taken from the double-peak structure is exactly
K with the gate voltage changed as a parameter. twice as high as the Hall concentration indicating that we
have to deal with a single two-dimensional subband split into
There are three major features clearly resolved. First, théwo nonspin-degenerate sublevels. The density of states
carrier concentration is lowered due to negative gate voltZ. (E) as a function of electron energy of each spin subband
ages. This can be seen by the diminished SdH frequendg therefore half the density of a degenerated two-
(Fig. 2. Second, as a consequence of the reduction of carrigimensional subband=m*/(7%?) modified by an energy-
density and the reduced mobility, the resistanc&=a0 in-  dependent correction factor
creases. Third, the position of the nodes in the SdH ampli-
tude is shifted which indicates a change in the beating effect lmt 1
between two clc_)sely spaced SdH frequgnc@es. Zi(E)_E wh? 1+ J1+(2ERD)(a?m*))
The 1B Fourier transform of the longitudinal magnetore-
sistance, shown in Fig. 2, clearly resolves a double-pealhis expression is derived from the energy eigenvatues
structure. The(horizonta) frequency axis is normalized to an unperturbated two-dimensional subband with Rashba
spin degeneracy as is typically done for SdH evaluation ofpin-orbit coupling:

the two-dimensional carrier concentration. When more than 522
one frequency peak appears for a given SdH measurement, E—[Esuby _ ! +|Ki|
one has to take the sum of the corresponding carrier concen- 2m* — I

a is the spin-orbit coupling coefficienES"?is the energy of
-5V -2v +2v theith two-dimensional subband, is the energy above the
] subband bottomm* is the direction-independent effective
mass in the conducting channel, akdis the electron wave
vector in the two-dimensional layer.

By taking the differences in carrier concentratiam 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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FIG. 2. Fourier transform taken from the SdH oscillations of for the computational of the experimental values of the spin-
Fig. 1. orbit coupling parameter (Fig. 3.2° It is seen thatx mo-
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notonously increases from an initial value of 6.3 05 ———r : — 1.5x10°
X 10" %2 eV m for a gate voltage of-2 V up to a maximum I ]
value of 15.% 10 > eV m at—6 V. As confirmed by the
following theoretical calculation of, 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 constanis
based on an improved envelope-function the8ridsually
the envelope-function theory is used for the description of ) = ]
electronic bulk semiconductor states, where the electronic s0 40 50 8 70
states are described by the product of a band-edge Bloch z [nm]
function and an envelope function. Since the envelope func-
tion only changes in large distances in comparison with the F|G. 4. Conduction-band potential and electron probability for a
lattice constant, this method is known to be limited to slowly gate voltage of+2 V (full line) and —6 V (dashed ling
varying potentials. For the calculation ef an improved
envelope-function theory was developed which can deal with
abrupt potential changes as they occur in heterostructured!
Since thek® contribution can be neglected for our material order of meV, we neglecE—E(FA) for the computation
system;* only the Rashba term was considered. Within thisys °
new framework the e>_<pression for the sp_in-qrbit coupling  The contributiora’ (&,) describes the spin-orbit coupling
parametek of our particular quantum well is given by 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, thea’'(&,) term is, in principle, identical to the
Rashba term derived by de Andrada e Siktaal,’ for a
where E, is the k-p interaction parameter. The value triangular well with an infinite potential barrier at the inter-
E,=22 eV used here for our §ns5Ga 47As channel material face. For a finite barrier, as in our case, the electron wave
was linearly interpolated from the values of InAs and GaAs.function leaks into the barrier, which results in an additional
(&a) is the expectation value of the electric field in the chan-contributionb’ ((£g ) +(&g,))- Finally, the abrupt change of
nel (A), whereas(&g ) and(&g) are the expectation values he potential at the heterointerfaces leads to a term which is
in the upper and lower InP barrief8,,B,), respectively. proportional to the difference of the electron probability at
|'W,|? and|¥)|? are the squared electron probabilities at thethe heterointerfaces. This contribution would vanish only in
upper and lower conduction band discontinuities, respecthe case when the electron probability is identical on both

1 1x10°
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e energetic distance betweEnand E(F’Z) is usually of the

ﬁZEP ’ ’ 1 2 2
a=&_-{a (Ea)+b"((Bg ) +(Es,)) — 2b(|W =W [9)},
0

tively. The prefactora’, b’, andb are given by sides of the quantum well.
By using a self-consistent Schinger-Poisson solvéf,
1 1 we computed the particular potential profile of the conduc-
a'= ( E—EM)?2~ (E—E(A))Z)’ tion band, the electron wave functioi(z), and the electric
Iy Tg field £(z) = —d¢(z)/dz as a function of growth direction

necessary for the determination of the theoretical value. of
( 1 1 ) The variation of the gate voltage on top of the sample is
b'= ,

(E-Ef)-AEr)? (E-Ef)-AEp,)’

AE[‘ AE]“ — L +2V
b:((E—E<A>—7AE 2" (E—E<Z\))2 S of /\
I, ry, I, 3 1 v,
AEr, AEr, =
(E-EY-AEr)? (E-E{R)? ) Tl i

Here,E is the energy of the electronic state in the quantum 5
well. From the expressions fa', b’, andb it can be seen 3 5
that thel'g conduction band of the channel layer is coupled 2 DT ! ‘
to the energetic nearest neighbors, in our caselthend 30 40 50 60 70
I's valence band maxima. Fdo'and b, the differences z [nm]

AEF7 andAEF8 between thd"; andI'g band of the channel

material(A) and the barrier materiaB() has to be considered  F|G. 5. Electric field weighted by the electron probability for a
in addition. SinceE(r’;) and E(F’;) is of the order of eV, while  gate voltage of+2 V (full line) and —6 V (dashed ling
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introduced to the numerical simulation by varying the sur-Consequently, this leads to a smaller value of &he(E,)
face pinning of the conduction band in each computation ircontribution toa in comparison to the-6 V gate bias.
order to fit the particular experimental sheet carrier concen- In conclusion, the Rashba spin-orbit coupling of the
tration. The conduction band profiles for gate voltages-6f conduction-band electrons in InP{Ba, _,As/InP quantum-
V and +2 V are shown in Fig. 4 together with the corre- well structures was investigated. By covering a Hall bar with
sponding electron wave functions. The electric fielda gate, it was possible to change the symmetry of the quan-
weighted by the electron probability density is shown in Fig.tum well in a defined fashion by applying an external gate
5. One can clearly resolve the very strong change in spatialoltage. The corresponding spin-orbit coupling constant
symmetry due to the applied voltage at the surface of th€ould be extracted from the characteristic beating pattern of
Samp'e Wh|Ch a|ters the spin Coup”ng_ The near|y rectanguthe Shubr"kov_—de Haas OSC|”at|0n_S. A Compal’lson with the
lar shaped potential aty,=+2 V is much more symmetric resul?s of a refined envglope—fgnctlon theory shows that the
with respect to its centdz=45 nm than the triangie formed contnpunon of the electric field in the quantum we!l does not
conduction band foN = —6 V. As a consequence, the ei(plam the strength of the meazured spin-orbit coupllngd
electron probability density is shifted away from the middle 210N€- Quantitative agreement between  experiment an
ielding a larger difference at the channel boundaries. Thutheory IS qbtamed .by_lncl.udmg add|t|onal ||jte_rface terms
y gafmarg A ! ! §ogether with electric-field-induced coupling inside the bar-
the theoretical values far 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-  The authors would like to thank M. Hollfelder and H.
bution to « in the channel material is also plotted, since it Hardtdegen for the growth of the InP{Ag _,As/InP het-
clarifies the importance of the derived interface probabilityerostructure, A. Leuther for using his Sclioger-Poisson
terms for the calculation of. For a gate bias of-2 V the  solver, and G. Mlejans for his excellent assistance during
electric field changes sign within the quantum w@lig. 4.  the measurements.
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