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a b s t r a c t

Low-temperature antilocalization measurements are used to investigate the interactions between a two-
dimensional electron system in an In0.53Ga0.47As quantum well in an InGaAs/InAlAs heterostructure, and
the magnetic moments of CoFe nanopillars located on the heterostructure surface. With CoFe nanopillars,
a decrease in spin coherence time is observed, attributed to the spatially varying magnetic field from the
local moments. A good agreement between the data and calculations suggests that the CoFe nanopillars
also generate an appreciable average magnetic field normal to the surface of value �35 G at the quantum
well. The measurements further show that surface metal coverage increases mobility, and for non-
magnetic coverage increases spin coherence time, consistent with the Elliott–Yafet spin-decoherence
mechanism. Phase coherence times decrease as the temperature decreases, consistent with phase
decoherence via the Nyquist mechanism.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Quantum properties of surface states and interactions between
local surface moments and itinerant carriers may be probed by
low-temperature antilocalization (AL) measurements [1–5]. The
modification of magnetic and transport properties by surface
moments is of interest because they allow access to important
parameters of spintronics and quantum information processing.
Recently reported was a tunable artificial structure of magnetic
moments on a reduced-dimensionality electron system, where
rare earth ions deposited on InAs films induce magnetic spin-flip
scattering from spin-exchange interactions of the local moments
with the two-dimensional surface accumulation electron layer [5].
This work investigates related interactions in a similar geometry,
namely between lithographically delineated ferromagnetic CoFe
nanopillars on the surface of an In0.53Ga0.47As/In0.52Al0.48As
heterostructure and electrons in the heterostructure's quantum
well (QW). The surface CoFe nanopillars are in close proximity to
the QW, distanced by approximately one Fermi wavelength.

Quantum interference of charge carriers on time reversed paths
causes quantum corrections to the conductivity in low-tempera-
ture electronic transport, thereby leading to the phenomena of AL
[6–8] and weak-localization (WL) [7,8]. Under a magnetic field B
applied normal to the surface, constructive interference causes a
negative magnetoresistance (MR), known as WL. With spin–orbit

interaction (SOI), the interference is destructive and causes a
turnaround to positive MR at very low B, resulting in AL. The
heterostructure studied here has a prominent Rashba SOI caused
by structural inversion asymmetry, and hence shows AL. The
characteristic MR of AL, being due to spin-dependent quantum
interference, carries quantitative information about phase and
spin decoherence, and thus is a valuable tool to experimentally
study the SOI spin decoherence time τSO, the inelastic scattering
time τi, and the magnetic spin-flip scattering time τs. Together
τi and τs determine the phase coherence time τϕ as τ�1

ϕ ¼
τ�1
i þ2τ�1

s [9,10]. When spin-flipping interactions between sur-
face magnetic moments and the QW electrons can be neglected
then τ�1

ϕ ¼ τ�1
i , which is the case for the system under study. In a

series of comparative measurements we find that the presence of
the ferromagnetic nanopillars modifies the SOI and phase coher-
ence properties of the two-dimensional electron system (2DES) in
the QW, as determined by the quantum corrections to the 2DES
conductivity arising from AL.

2. Experiment

Using electron-beam lithography, two adjacent twin serpentine
structures were patterned onto a Hall bar mesa (itself patterned on
the heterostructure material), as depicted in Fig. 1(a). One serpen-
tine is always left bare while the other is covered by lithographi-
cally fabricated nanopillars, allowing comparative measurements.
The serpentines increase the signal by increasing the channel
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length (440 μm) to width (5 μm) ratio. An array of ferromagnetic
nanopillars was delineated by thermal evaporation and lift-off
after electron-beam lithography [Fig. 1(b) and (c), where dimen-
sions are indicated]. Each pillar consists of two layers, a 7 nm thick
non-magnetic Al adhesion layer and a 29 nm thick ferromagnetic
Co0.6Fe0.4 layer. The sample carrying one bare serpentine and one
serpentine covered with Al/CoFe nanopillars will be called the Al/
CoFe sample. To assess the influence of the Al adhesion layer on
the measurements, a control sample with one bare serpentine and
one covered by an array of 9 nm Al nanopillars is also fabricated
(called the Al sample; the Al array has dimensions identical to the
Al/CoFe array). Apart from the presence of the nanopillars, the
twin serpentines on one sample experience the same fabrication
processes and are together cooled down to the experiment
temperature T (0.4 K and 1.3 K), allowing comparative measure-
ments to assess the influence of the nanopillars [5]. Magneto-
transport measurements were conducted using standard four-
contact low-frequency lock-in techniques. Prior to discussing
heterostructure properties and to show the effect of the nanopil-
lars, the comparative low-B AL data for the Al/CoFe sample and
the Al sample at two temperatures is represented in Fig. 2. The
AL correction to the longitudinal resistance R is defined asΔRðBÞ ¼
RðBÞ�R0, where R0 ¼ RðB¼ 0Þ. To account for contributions from
the Hall effect or other slight electronic shifts, the antisymmetric
component has been subtracted from the data. The data displayed
in Fig. 2 exhibits the characteristic shape of AL, with an initial
increase in R from B¼0, reaching a maximum at B� 90 G, beyond
which negative MR is observed. The separation in B between
two resistance maxima scales with τ�1

SO , while the depth of the
resistance minimum scales with the ratio τϕ=τSO (detailed fits are
presented later). In Fig. 2(a) and (c) we plot the MR of the bare
serpentines of both the Al/CoFe sample and the Al sample (to
account for processing variations between the samples, we scale
the resistance values of the Al sample by a multiplier of 1.5, which
does not influence the τϕ and τSO values deduced from the data).
In Fig. 2(b) and (d) we plot the MR of the serpentines covered with
nanopillars of both the Al/CoFe sample and the Al sample. From
Fig. 2(a)–(d), evaluating the data for the Al sample (black traces), it
is apparent that Al nanopillars lower, but do not broaden the AL
signal. In contrast, the Al/CoFe nanopillars not only lower the AL
signal, they notably broaden the shape as well, demonstrating the
sensitivity of AL to surface coverage [5]. Information about the

interaction between the surface moments and the 2DES is
extracted from the comparative (rather than absolute) AL data,
as described below.

The InGaAs 2DES schematically depicted in Fig. 3 was grown by
molecular-beam epitaxy on semi-insulating InP (001) substrate.
The heterostructure consists of a 500 nm In0.52Al0.48As buffer, a
6 nm In0.52Al0.48As doping layer, a 7 nm In0.52Al0.48As layer, the
10 nm wide In0.53Ga0.47As QW, a 17 nm In0.52Al0.48As layer, and a
2 nm undoped InP cap layer. The transverse (RXY) and longitudinal
(RXX) transport coefficients shown in Fig. 3 are employed to
characterize the transport properties of the samples. Hall effect
(RXY) and Shubnikov–De Haas oscillations (RXX) are in accordance
with concerning the 2DES areal density Ns. The coefficients show
that no evidence of two-band transport and single-subband
occupancy is thus assumed. Accounting for nonparabolicity in
the InGaAs conduction band, with a Γ-point ratio of effective mass
to free-electron mass of 0.0353 and a low T band gap of 813 meV,
the measured Ns and mobilities μ are used to derive other

transport parameters, such as the elastic scattering time τ0 and
the two-dimensional diffusion constant D. Table 1 summarizes the
properties at T¼0.4 K. Ns and μ do not vary between T¼0.4 K and
1.3 K. As Table 1 indicates, we experimentally find that the Al/CoFe
or Al nanopillar coverage tends to increase Ns and μ. With the

nanopillars covering � 3% of the surface, the increase in Ns and μ
can be attributed either to a change in Fermi level pinning and
band bending at the surface (changing Ns and hence μ in the QW),
or to increased Coulombic screening by the presence of an
effectively metallic coverage, or both. Compared with the other
In0.53Ga0.47As/In0.52Al0.48As heterostructures [11,12], the values of
μ of the present 2DES are lower, due to the single doping layer
situated underneath the QW. While this feature reduces μ, it
ensures a strong asymmetry of the confinement potential and
hence substantial SOI exploited in this work for the pronounced AL
to which it leads.

3. Analysis and results

The AL quantum corrections to the two-dimensional conduc-
tivity s2ðBÞ are sensitive to τ0, τϕ, τs, and τSO. An expression for
Δs2ðBÞ ¼ s2ðBÞ�s2ðB¼ 0Þ is obtained as [6,16]

Δs2ðBÞ ¼
e2

2π2ℏ
� ψ
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where ψ ðxÞ is the digamma function and the characteristic fields
are defined as B0 ¼ ℏ=ð4eDτ0Þ, Bϕ ¼ ℏ=ð4eDτϕÞ, BSO ¼ ℏ=ð4eDτSOÞ,
and Bs ¼ ℏ=ð4eDτsÞ. Considering ΔRðBÞ5R0, Eq. (1) can be
directly compared with the experimental ΔRðBÞ=R0 values through
Δs2ðBÞ=s2ðB¼ 0Þ � �ΔRðBÞ=R0. Good correspondence exists bet-
ween Eq. (1) and our experimental results. While Eq. (1) is
parameterized in B0, Bϕ, BSO, and Bs, only Bϕ, BSO, and Bs have to
be obtained from a least-squares fit or other considerations, since
B0 can be derived from the transport parameters τ0 and D.

On the bare serpentines of the Al/CoFe sample and of the Al
sample, and on the Al nanopillar-covered serpentine of the Al
sample, no magnetic species are introduced, and thus Bs-0. We
expect the two bare serpentines (Fig. 2 (a) and (c)) to yield similar
τϕ and τSO values and indeed when we perform a least-squares
fitting and extract τϕ and τSO for the Al/CoFe sample and the Al

Fig. 1. (Color online) (a) Optical micrograph of a sample, with twin serpentine
structures (bare and nanopillar-covered) on a mesa. The dark area (on the right) is
covered by nanopillars. (b) Scanning electron micrograph of the area within the
white outline in (a). (c) Dimensions of the Al/CoFe nanopillars and their array in (b).
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sample, we find that τϕ and τSO values for both bare serpentines
are close: both τϕ and τSO of the Al/CoFe sample are 1.2 times
higher than that of the Al sample. A fitting for the Al nanopillar-
covered serpentine of the Al sample also yields values for its τϕ
and τSO. Values are tabulated as scattering rates in Table 2. We now
turn to the Al/CoFe nanopillar-covered serpentine of the Al/CoFe
sample. From previous studies of magnetic impurities in metal

systems [1], we learn that ferromagnetic nanopillars can influence
the spin-flip scattering rate τ�1

s and induce an additional spin–
orbit scattering rate τ�1

SO , without affecting the inelastic scattering
rate τ�1

i . Yet, a test fitting for the Al/CoFe nanopillar-covered
serpentine indicates that Bs is at least two orders of magnitude
smaller than Bϕ and BSO, and thus negligible. This finding is not
unexpected, since spin-flip scattering requires an exchange
mechanism between the 2DES and the ferromagnetic pillars,
repressed by the 26 nm separation between the 2DES and the
ferromagnetic species. The spatially varying fringing magnetic
fields from the ferromagnetic pillars (quantified below) are
not expected to lead to spin-flip scattering. Yet, we experimentally

Fig. 2. (Color online) (a) Magnetoresistance due to AL at 0.4 K on the bare serpentines of the Al/CoFe sample (red) and the Al sample (black). (b) Magnetoresistance due to AL
at 0.4 K of nanopillar-covered serpentines of the Al/CoFe sample (red) and the Al sample (black). (c) Same as (a) but at 1.3 K. (d) Same as (b) but at 1.3 K.

Fig. 3. Left panel: Schematic of the InGaAs/InAlAs heterostructure, with the
quantum well (shaded) located 19 nm below the surface. Right panel: RXY and RXX
transport coefficients vs B, obtained on the bare serpentine of the Al sample at 0.4 K.

Table 1
2DES serpentine transport properties: Ns, μ, and D, at T¼0.4 K.

Al/CoFe sample Al sample

Property Covered Bare Covered Bare

Ns (1012 cm�2) 1.6 1.5 1.7 1.6
μ (104 cm2/V s) 0.68 0.63 1.2 1.0
D (103 cm2/s) 1.1 0.91 2.0 1.6

Table 2
2DES scattering rates and fitting parameters: τ�1

0 , τ�1
i , τ�1

SO and jBz j, at T¼0.4 K
and 1.3 K.

Al/CoFe sample Al sample

Parameter Covered Bare Covered Bare

τ�1
0 (ps�1)
(0.4 K) 2.5 2.7 1.4 1.8
(1.3 K) 2.5 2.7 1.4 1.8

τ�1
ϕ (ps�1)
(0.4 K) 0.10 0.077 0.081 0.063
(1.3 K) 0.27 0.21 0.22 0.17

τ�1
SO (ps�1)
(0.4 K) 0.91 0.77 0.48 0.63
(1.3 K) 0.91 0.77 0.48 0.63

jBz j (G)
(0.4 K) 34 – – –

(1.3 K) 36 – – –
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find that the fringing fields affect the AL data by generating an
average offset in the value of B normal to the surface, with a
constant offset absolute value jBz j and a sign following the sign of
the applied B. A good fit is obtained when introducing jBz j as an
additional fitting parameter. Indeed, each Al/CoFe nanopillar is
magnetized by the external B and accordingly generates a fringing
field, which can be estimated. The saturation magnetization
of Co0.6Fe0.4 can be calculated from superconductor–insulator–
ferromagnet spin polarization data [13], as Ms¼1770 emu/cm3,
close to the calculated saturation magnetization of Co0.5Fe0.5,
Ms¼1800 emu/cm3 [14]. The typically high Ms of Co0.6Fe0.4 yields
fringing fields still appreciable at the QW. The fringing fields flip
direction according to the direction of the applied B, and at a low
coercive field. The coercive field can be estimated to be below
�1 G, as a consequence of the low crystalline coercive field of the
soft-magnetic Co0.6Fe0.4 (�0.2 G) [15] and the low shape aniso-
tropy of the nanopillars (the ratio of height to diameter is 0.9).
The nanopillar diameter is also small (40 nm) compared to the
interpillar distance (200 nm) and hence the interaction between
nanopillars is negligible. Compared with the range of B for the AL
signal, the applied B where the fringing fields flip sign is thus
small. The averaged contribution from the fringing fields at
the level of the 2DES is then approximated as a step function
described as jBz j at BZ0, and �jBz j at Bo0. The AL correction to
conductivity in normal B is then modified as

Δs′2ðBÞ ¼
Δs2ðBþjBz jÞ�Δs2ðjBz jÞ; BZ0
Δs2ðB�jBz jÞ�Δs2ðjBz jÞ; Bo0

(
: ð2Þ

By fitting Eq. (2) to the AL data of the Al/CoFe nanopillar-covered
serpentine, jBz j is found to be � 35 G (Table 2). It will be shown below
that jBz j � 35 G is in good agreement with a micromagnetics
calculation using a magnetization normal to the 2DES plane. With a
low crystalline coercive field and low shape anisotropy, anisotropy is
not expected to be decisive in determining the magnetization direc-
tion, but rather the direction will depend on the orientation of the
variable externally applied B, down to the very low coercive fields. For
the micromagnetics calculation supporting the AL analysis we hence
assume a magnetization normal to the 2DES plane. The same fitting
provides BSO and hence τSO for the Al/CoFe nanopillar-covered
serpentine. Concerning Bϕ and τϕ, since on this serpentine Bs � 0,
we have assumed the same ratio 1.2 as between the bare serpentines,
between τϕ of the Al/CoFe nanopillar-covered serpentine and τϕ of
the Al nanopillar-covered serpentine. By this method τϕ and τSO are
obtained for all serpentines, bare and covered, presented as scattering
rates in Table 2.

4. Discussion

Fig. 4 shows the good correspondence between data and theore-
tical fits for both bare and covered serpentines of the two samples at
different T. Different AL models and uncertainty in the transport
parameters can lead to a variation of � 30% in the absolute values of
τϕ and τSO. However, our experiments are comparative: we maintain
the same nanopillar coverage, compare covered serpentines to bare
serpentines measured on the same samples and at the same T, and
apply the same model, ensuring that comparisons between covered
and bare serpentines regarding τϕ and τSO which bear reliable
conclusions. The use of Eq. (2) results in a good fit, and is appropriate
for samples where spin scattering is dominated by the Elliott–Yafet
mechanism [18–21], which, as described below, will prove to be the
case in our InGaAs QW.

The values in Table 2 indicate a phase decoherence rate τ�1
ϕ

scaling with T for each serpentine, consistent with dominant

Nyquist decoherence [17] arising from fluctuations in the electro-
magnetic background. Experimentally, the presence of Al/CoFe or
Al nanopillars increases τ�1

ϕ . At low T the spin scattering of III–V

narrow gap semiconductors with low μ is dominated by the
Elliott–Yafet mechanism [18–21], which causes the spin–orbit
scattering rate τ�1

SO to decrease as μ increases ðτ�1
SO � τ�1

0 Þ [22].
We have mentioned that the Al coverage on the Al sample surface
increases μ, possibly by a change in band bending or by additional
screening of the ionized impurities within the heterostructure, or
both. Accordingly, for the Al sample Table 2 shows a decrease in
τ�1
SO for the Al nanopillar-covered serpentine compared with the

bare serpentine. The ratios between bare and covered serpentines
of respective values of τ�1

SO as well as τ�1
0 are both � 1.3, showing

that the Elliott–Yafet expectation of τ�1
SO � τ�1

0 holds for the Al
sample. For the Al/CoFe sample however this relation does not
hold, and the spin–orbit scattering rate τ�1

SO increases with Al/CoFe
nanopillar coverage compared to the bare serpentine. This can be
explained by the fact that in addition to the average offset field
jBz j, the ferromagnetic nanopillars also create a spatially varying
component to the fringing field. We surmise that the varying
component is sensed by the 2DES electron spins as a random spin–
orbit field. SOI is experienced by electrons as an effective
momentum-dependent vector potential, creating an effective
magnetic field Beff, in the plane of the 2DES in the case of Rashba
SOI [23]. Momentum scattering (quantified by τ�1

0 ) causes a
random component to Beff, and the variation in spin precession
along the random component causes decoherence between spins,
which in the Elliott–Yafet mechanism is not mitigated by motional
narrowing as in the D'yakonov–Perel mechanism [24], and hence
increases τ�1

SO [25]. Under Al/CoFe nanopillar coverage, electron
spins experience an effectively random component of the fringing
field, similarly leading to precessional spin decoherence and
mimicking SOI-induced spin scattering. Ultimately, the screening
effect is counteracted by the effective random component of B, and
we observe τ�1

SO increasing under the Al/CoFe nanopillars. Table 2
also indicates that for both bare and covered serpentines τ�1

SO stays
constant with T, consistent with previous discussions [19].

The experiments suggest that the Al/CoFe nanopillars create a
non-negligible B at the level of the 2DES, and calculations bear this
out, as outlined below. We approximate each nanopillar as an
ellipsoidal ferromagnetic single-domain particle at the saturation
magnetization, with a demagnetization factor α¼5.30, and with
magnetization normal to the 2DES plane. Exactly below the pillar,
the fringing field of one pillar is calculated to be ð4π�αÞMs¼
11 000 G, a substantial value. Yet, considering the distance
between the 2DES and the pillars, the fringing field will fan out
greatly towards the 2DES, and the return fields will reduce the
average value. To quantitatively estimate jBz j at the middle of the
QW layer, each pillar is represented by a magnetic dipole posi-
tioned at a height as depicted in Fig. 5. Each magnetic dipole

has a magnetic moment m¼Msπðd=2Þ2t ¼ 6:45� 10�14 emu
(parameters defined in Fig. 5). Then the component normal to
the 2DES of the fringing field from one nanopillar can be expressed
as

Bzðx; yÞ ¼ μ0

4π
mð2z20�x2�y2Þ
ðx2þy2þz20Þ5=2

: ð3Þ

Neighboring nanopillars are separated by a distance R¼
200 nm. The average jBz j over a square of dimensions R� R
centered under each pillar can be calculated as jBz j ¼ ∬ Bzðx; yÞ
dx dy=R2 ¼ 54 G. When an increasing number of nanopillars with
their respective return fields is taken into account, jBz j decreases
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and asymptotically approaches 29 G. The value of jBz j extracted
from the AL data fits, 35 G, falls within the range found in the
theoretical calculations, strongly suggesting that the magnetic
fringing fields of the Al/CoFe nanopillars indeed affect our data
as described.

5. Conclusion

In conclusion, using antilocalization measurements we observe
interactions between two-dimensional electrons in the quantum

well of an InGaAs/InAlAs heterostructure and ferromagnetic CoFe
nanopillars deposited on the surface. The measurements show
that the spin–orbit scattering rate is increased by the ferromag-
netic nanopillars, an observation here explained by the presence of
a random magnetic field component due to the fringing magnetic
field of the nanopillars. On the other hand, non-magnetic Al
nanopillars are observed to decrease the spin–orbit scattering
rate, consistent with increased Coulombic screening under the
Elliott–Yafet spin decoherence mechanism. Due to large saturation
magnetization and small coercive field of the CoFe nanopillars, an
average fringing field normal to the heterostructure surface has
to be taken into account as well. The analysis shows that the
antilocalization data is in good agreement with expectations
deduced from the physics of spin–orbit interactions and simple
micromagnetic models.
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