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Abstract

We report the experimental detection of the anisotropio-spbit interaction (SOI) in InGaAmAIAs quantum
wells, using spin interference experiments in arrays daregular loops with their sides aligned to the [110] antOL
crystallographic directions. While the gate voltage is thrthe time reversal Aharonov-Casher (TRAC) oscillations
exhibit higher frequencies when the loops have their lorside along the [110] direction, clearly highlighting the
anisotropy of the SOI. We find that a simple spin interfera@nmetodel, including both the Rashba and the Dresselhaus
SOls, reproduces qualitatively the TRAC oscillations.
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The emerging field of spintronics [1] that aims to utilize #lectron spin degree of freedom to create a novel
generation of electronic devices has attracted much ofdstén the past decade. A special attention has been paid
to the spin-orbit interaction (SOI), especially in 1lI-V tegostructures, as it provides an elegant way to manipulate
the electrons’ spin through an external electric field. Qtipalar interest is the anisotropic interplay between the
Rashba and the Dresselhaus contributions to the SOI, whiectively stem from the asymmetry of the vertical
confining potential and the lack of inversion symmetry of thestal lattice [2]. Indeed, considering a (001) oriented
[1I-V heterostructure, the spin-orbit (SO) Hamiltoni&ly o, including the Rashba and the linear Dresselhaus terms,
can be written as [3]

Hso = a(oxky — oyky) + Bloxkx — ayky) 1)

wherek is the electron wave vectas; is the vector of the Pauli matrices, andandg are the Rashba and the Dres-
selhaus SO parameters. For electrons moving along the §rtDihe [10] crystallographic directions, thefective
magnetic fields associated with the Rashba and the Dressaiiams are then expected to be aligned together, per-
pendicularly tok. Consequently, the total SO parameter is giverrbys along the [110] direction and hy—- g along

the [110]. This interplay generates a particularly interestingfiguration whenr = 3, as the SOI vanishes along the
[110] direction, leading to the formation of a persistent dyatix [4].

Quantum interference experiments provide tools to ingagtithe SO properties in two-dimensional electron sys-
tems (2DESs). In particular, low temperatdrenagnetotransport measurements in arrays of mesoscojpis haow
Al'tshuler-Aronov-Spivak (AAS) oscillations [5] whose golitude can be tuned by means of an external gate voltage
V, through the SOI [6, 7, 8, 9]. This modulation of the AAS ostibns amplitude has been interpreted as a demon-
stration of the time reversal Aharonov-Casher (TRAGge [6, 7, 8, 9, 10]. Here, we study the anisotropic interplay
between the Rashba and Dresselhaus terms by investigaémiRAC dfect in arrays of InGaAfAlAs rectangular
loops with their sides aligned to the [110] and (1 crystallographic directions. We find that the TRAC dstibns
exhibit a higher frequency when the loops have their longkr along the [110] direction, clearly demonstrating an
anisotropy of the total SOI in the 2DES. The oscillating baedar of the TRAC oscillations is successfully described
by a simple spin interference (SI) model, indicating tha 80 anisotropy is consistent with the interplay of the
Rashba and Dresselhaus terms.

The heterostructures used in this work are a 10 nm thigksBa 47AS/Ing52Al .48AS quantum wells grown by
MOCVD on (001) InP substrate (see Fig. 1(a)), and are redeiveas KH1 N; = 4 x 108 cm™3 andN, = 0 cnT?)
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and KH3 (\N; = N, = 2 x 108 cm™3). In the context of the anisotropic interplay of the Rashbd Bresselhaus
terms, the definition of the crystallographic axes has todieectarefully [11]. We define the indices putting group
Il elements at [000] and group V elements {.11] in the primitive cell, wherea is the lattice parameter. We
define thex, y, andz axes along the [100], [010], and [001] crystallographi@diions, respectively, using the above
definition. The definition we use here is the same as the orgtingbe semiconductor industry. We note that the
information provided by the wafer supplier was double clegcky studying the wet etched grooves’ profiles of the
InP substrate [12] (see Fig. 1(b)). We further define thaf@®d] direction is pointing upward from the samples’
surface (Fig. 1(a)). Using this definition, the doping pefibf the structures investigated here generate a positive
electric fieldE; (i.e. in the [001] direction) in the quantum wells when no gate agét is applied to the systems.
This positiveE, leads to a positive value af. Note that in the case of the KH1 heterostructurds larger due

to the stronger asymmetry of the doping profile. The Dresasparametgs, along the [100] direction, is given,
within the k - p framework, by(b§$)(k2), wherek; is the confinement wave number as§s) = 27.38 eVA3 is

linearly interpolated for our InGaAs system between itsigalin GaAs and InAs [2]. Along the [110] and thel{

crystallographic directiong = <b2§6°> (<k§> - %2) wherekg is the Fermi wavevector. Along these directiofishen

decreases and turns to negative while the electronic geXsit raised.

The devices were fabricated using electron beam lithograpld electron cyclotron resonance plasma etching.
The loop arrays are 2Q@m long, 125um wide and contains approximately 4400 loops. The struafithe rectan-
gular loops is shown in Figs. 1(c) and (d). For both KH1 and Ki#8 have investigated threefidirent geometries
with a mean value of the side length= 1.8 um, elongatiofreduction lengthalL = -0.4,0,0.4 um, and a channel
width of 0.5 um. An 100 nm insulating layer of SiCand a Au front gate were added on top of the samples in order to
control Ns and the strength of the SOI. The electrical transport measents were performed at Iolvin a dilution
refrigerator using a standard ac lock-in technique, pgdbi@electrical current along the [110] direction, and gioy
the magnetic field perpendicular to the 2DES.

Figure 2 shows the magnetoconductag®), corresponding to one individual loop of the array [13] asered at
300 mK for a device wittAL = 0 um and made from the KH1 wafer. The magnetotransport data st#Adsvoscilla-
tions, stemming from the quantum interference betweeredldémop trajectories propagating in clockwise (CW) and
counterclockwise (CCW) directions. The general featuresthaVy dependence of the measured AAS oscillations
are similar to those previously reported for circular [7fiaguare [6, 9] loop arrays. From these data, we extract the
AAS oscillations’ amplitude,—égQAS, for each value o¥/y by integrating the corresponding peak in the real part of
the Fast Fourier Transform (FFT) of the magnetoconductaaces. Using this method, we keep the sign information
of the AAS oscillations’ amplitude and filter the higher hamit contributions, as well as the asymmetric part of the
traces [14].

Figure 3(a), that showssg)”S(Ns) for two devices withAL = +0.4 um made from the KH1 wafer, illustrates the
main findings of our work. The TRACfEct shows oscillations that exhibit botHigirent shapes and frequencies for
devices with diferentAL’s. The frequency of the TRAC oscillations is found to be &rfpr theAL = —0.4 um device
and to decrease whilsL is raised to Gt um. This result undoubtedly evidences an anisotropy of tte 80I in the
2DES. We also observe a negative, slowly varying backgrowhdse amplitude grows witNg, superimposed on the
TRAC oscillations. Similar results were obtained for theides made from the KH3 wafer, while the anisotropy in
the TRAC oscillations and the presence of the negative brackgl were less pronounced.

To further analyze these results, we compaﬁgOAAS(NS) with the calculations from the SI model [8, 9] that is
properly extended to account for the rectangular shapeedbtips and to include both the Rashba and the Dresselhaus
terms. A detailed presentation of the SI model can be fourideh [8, 9, 15]. Here, we briefly mention that the
interference is generally examined considering the pritibaamplitude of linearly superposed wavefunctions. In

our case, we consider the quantf%}i’cw + %‘Pccwiz, where¥Ycw andYccw are the wavefunctions that followed
the rectangular loop in the CW and CCW directions, respelstiviWe note that’cw (Wccw) can be obtained by
sequentially applying the spin rotation opera®(R1), resulting from the Rashba and Dressehaus Hamiltonians, f
each side of the loop, to an initial spin st&éteand by multiplying by the phase factdf/? (e7#/2), that corresponds

to the Aharonov-Bohm phase stemming from the perpendi@&ildrhe overline in the above expression denotes an
averaging of the quantity over all initial spin directiongdahe }2 factor is used to normalize its maximum value. It



can be shown that

2
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The cos$) oscillations physically correspond to the AABext. The oscillations in the experimental TRAGeet
can be understood in terms of the SI amplitdqép, 6r). For our rectangular geometrie®gp, ) has the following
analytical form:

= A(@D, QR) COS@) + % . (2)

1 1
A(fp,6R) = —5* Z(l + 2 cOSHp COSHR

— cog fp co< O + Sir? Op sir? HR)2 : (3)
where
2m’
GD = ?(ﬁL - Q’AL) N (4)
2n
Or = ?(QL—,BAL), 5)

whereh is the Planck constanty® = 0.047 me is the electron fective mass andy is the free electron mass. The
evolution of the SI amplitude as a function @5 and 6y is illustrated in Fig. 4(a). A$p anddr depend on the
SO parameters, we use one-band Poisson-Schroedingeossiftent solutions to obtain the valueswadndg as a
function ofNs from thek - pformalism [2, 16, 17]. While/y is changed, both andg are tuned and the SI amplitude
for a particular device follows a path in t#6p, 6r) diagram. Figure 4(b) shows the probed paths inAl#, 6r)
diagram for devices made from the KH1 wafer, with = 0, +0.4 um and forNs between 1.3 and 2810 m2.

The SI amplitude#\(dp, 6r) calculated from this extended SI model are further dispdiain Fig. 3(b) for devices
made from the KH1 wafer, witAL = +0.4 um as a function oNs. Itis worth noting that the quantum well widtiyy
and back doping levéll; were adjusted in the calculation to fit the experimental dake values oflow andN; used
in the calculations are given in the caption of Fig. 3(b), agdee well with the values used to design the pertinent
heterostructures. As previouly shown for square deviceS]jghe SI model qualitatively reproduce the behaviour
of the TRAC dfect, i.e. its oscillating behaviour, as well as the shape of the @mihs as a function ofNs. In
addition, for the rectangular devices investigated hdéwe I model successfully reproduces the frequency evolutio
of the TRAC oscillations as a functioklL. This indicates that the anisotropy of the SOI observed Isetensistent
with the interplay between the Rashba and Dresselhaus.témhgy. 4(c), we plot the SO parameters estimated from
the k - p theory for the KH1 wafer. On this figure, we also show the t&@ll strengths felt by electrons along the
[110] and the [10] crystallographic directions; + 3 (black dotted line) and — 3 (black dashed line), respectively.
The strongeiNs dependence af + 8 ([110]) compared ter — 8 ([110]) explain the frequency decrease of the TRAC
oscillations whemL is increased. Indeed, the longer the device’s side alongi®] direction, the larger the overall
modification of the electrons’ spin precession around tbpdowhileVy (Ns) is swept.

As a conclusion, we have detected the anisotropy of the SBBaAgInAlAs quantum wells using TRAC oscil-
lations measurements in arrays of rectangular loops wétn sides aligned to the [110] and thel[1] crystallographic
directions. The anisotropic TRAC oscillation. different frequencies for devices withfdirentAL'’s, were succes-
fully reproduced using a simple SI model, indicating tha&t amisotropy of the SOl is consistent with the interplay of
the Rashba and Dresselhaus terms.

The authors are indebted to Prof. R. Winkler and Prof. S. Keatafor fruitful discussions. This work was
supported by KAKENHI (19684009). S. Faniel thanks the JSi$riancial support.
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Figure 1: (color online) (a) Growth sequence of the hetenottires investigated here and schematic of the quanturis\waltd structure. (b) Wet
etched grooves’ profiles of the InP substrate (1 minute in H@lpg the [110] and [10] directions. (c) Schematic representation of our loops’

geometries with respect to the c
etched grooves of the structure.

rystal axes. (d) SEM image @b@ &rray withL = 1.8 um andAL = 0.4 um. The dark lines correspond to the
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Figure 2: MagnetoconductangéB) per loop for a device with. = 1.8 um andAL = 0 um at 300 mK, for various values &fy. All traces are
shifted vertically for clarity.
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Figure 3: (color online) (a)-5g5*S(Ns) at 300 mK, for KH1 devices wittAL = 0.4 um. (b) Corresponding calculated valuesAgfp, r) as a
function of Ns, usingN; = 3.6 x 10'® cm™2 anddqw = 9.5 nm for the devices withL = —0.4, andN; = 3.75x 10'® cm™3 anddqw = 9 nm for
the device withAL = 0.4 um.
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Figure 4: (color online) (a) Sl amplitud&@p, 6r). (b) Top view of theA(dp, 6r) diagram. The white lines show the paths probed in the diagpam
the KH1 devices withAL = —0.4 um (dashed line), @m (plain line) and 04 um (dotted line). (c) Rashba parametefred line) and Dresselhaus
parameter, along the [110] andifa] directions 3 (blue line) as a function o for the KH1 samples. The parametersands were calculated

from thek - p theory, usingdow = 9.5 nm andN; = 3.6 x 10 cm™3. The total SO strengths along the [110] (black dotted lime) the [1L0]

(black dashed line) crystallographic directions are alsmws.



