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Spin interactions between a two-dimensional electron system at the InAs surface and transition metal ions,

Fe3+, Co2+ and Ni2+, deposited on the InAs surface, are probed by antilocalization measurements. The spin-

dependent quantum interference phenomena underlying the quantum transport phenomenon of antilocalization

render the technique sensitive to the spin states of the transition metal ions on the surface. The experiments

yield data on the magnitude and temperature dependence of the electrons’ inelastic scattering rates, spin-orbit

scattering rates, and magnetic spin-flip rates as influenced by Fe3+, Co2+ and Ni2+. A high magnetic spin-flip

rate is shown to mask the effects of spin-orbit interaction, while the spin-flip rate is shown to scale with the

effective magnetic moment of the surface species. The spin-flip rates and their dependence on temperature yield

information about the spin states of the transition metal ions at the surface, and in the case of Co2+ suggest

either a spin transition or formation of a spin-glass system.

PACS numbers: cfr. Physics Subject Headings

INTRODUCTION

One of the central and common concepts to magnetism,

spin physics and spin-based technologies lies in the spin-

exchange interactions between carriers and local moments.

In the present work, spin-sensitive transport-based quantum

interference experiments are used to study spin interactions

between transition metal (TM) ions (Fe3+, Co2+ and Ni2+)

on the surface of (001) InAs and a two-dimensional electron

system (2DES) accumulated in close proximity at the same

surface. Investigations of surface magnetism and its interac-

tions with carriers in a thin-film host have likewise attracted

attention [1–8]. The TM ions modify the spin-flip scatter-

ing rate and the spin-orbit interaction (SOI) properties of the

2DES electrons, in turn modifying the quantum phase coher-

ence properties in the 2DES. The quantum coherence proper-

ties are in this work quantified by the weak-localization quan-

tum coherence corrections to the conductivity of the 2DES,

caused by interference between backscattered time-reversed

electron trajectories. The quantum coherence corrections lead

to a 2DES resistance R with a specific dependence on the

magnetic fieldB applied normally to the surface, under strong

SOI known as antilocalization (AL) [2–5, 9–11]. These quan-

tum coherence corrections are a sensitive probe for the effects

of magnetic impurities, capable of quantifying spin interac-

tions [12, 13]. A parallel can be drawn with magnetic res-

onance methods (NMR, EPR), which also characterize a lo-

cal spin environment by measuring a spin decoherence time

(T2). The 2DES magnetoresistance (MR) due to AL is deter-

mined by four characteristic decoherence or scattering rates

(inverse scattering times) [2, 3, 5, 10, 14]: the elastic scat-

tering rate τ−1
0 as deduced from the areal electron density

NS and mobility µ; the SOI scattering rate τ−1
SO; the inelas-

tic scattering rate τ−1
i ; and the magnetic spin-flip scattering

rate τ−1
s . The total electron decoherence rate τ−1

φ is expressed

[15, 16] as τ−1
φ = τ−1

i + 2τ−1
s . Here τ−1

s carries the infor-

mation about the interactions between the TM surface local

moments and the 2DES, and τ−1
SO carries information about

the SOI strength. Prominent SOI facilitates unique numerical

fits of the AL model to the data because the characteristic MR

of AL shows a turnaround from positive to negative MR under

increasing B. The InAs surface 2DES has prominent Rashba

SOI [2, 3, 17], and moreover provides electrons in close prox-

imity to the local TM moments. The Fermi level EF is at the

surfaces of InAs pinned above the conduction band, forming

a surface 2DES [2, 3, 18–21]. In recent experiments rare earth

ions [2] and hemin [3] were deposited on the surface of InAs

films to probe the spin interactions between surface electrons

and the local magnetic species. While the rare earth ions pos-

sess large magnetic moments, the 4f shells responsible for

paramagnetism of rare earth ions lie deep inside the 5s and

5p shells and as a result spin interactions with the itinerant

electrons are partially screened. To study a system with re-

duced screening, in the present study TM ions are applied as

magnetic surface species (MSS). The 3d shells responsible for

ferromagnetism of TM ions are outermost, and strong interac-

tions with InAs surface electrons are anticipated, borne out by

the experiments described below.

EXPERIMENTAL METHODS

The MR measurements are performed by using standard

four-contact low-frequency lock-in techniques. The experi-

ment temperature T varies from 0.40 K to 6.0 K, maintained

in a 3He cryostat, with B applied perpendicularly to the sam-

ple surface. The sample consists of a 3.75 µm thick n-type

(001) InAs film. Serpentine mesa structures (Fig. 1), fabri-

cated on the InAs film via photolithography, are designed to

enhance the MR signal by increasing channel length (8820

µm) to width (30 µm) ratio. The experiment is compara-

tive, between before and after the deposition of MSS. Thus

two neighboring mirror-twin serpentines are used, as shown

in Fig. 1. For each experiment and sample, onto only one of

the twin mesas the following MSS are deposited: Ni2+, Co2+,

and Fe3+. The TM ions are deposited from their respec-
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FIG. 1: Optical micrograph of a sample with two identical (001)

InAs serpentine mesa patterns adjacent to each other (dark areas; in

light areas the InAs is etched to the GaAs substrate). For comparative

measurements, the left serpentine is covered by the surface species

within the square outline and the right serpentine is kept bare.

FIG. 2: (a) Magnetoresistance due to AL at 0.40 K on the bare ser-

pentine mesas twinned with the Ni2+(hexagons)-, Co2+(diamonds)-

and Fe3+(down triangles)-covered serpentine mesas in (b). (b) Mag-

netoresistance due to AL at 0.40 K on the covered serpentine mesas

twinned with the bare serpentine mesas in (a) (1 out of 6 experimen-

tal points are plotted, curves offset by 1.0×10−3). Solid lines are

theoretical fits ([23]).

tive nitrate salts, Ni(H2O)6(NO3)2, Co(H2O)6(NO3)2, and

Fe(H2O)6(NO3)3.3H2O, dissolved in aqueous solutions with

a concentration of 6 × 10−4 M. A 0.01 µL of any solution is

deposited and air-dried. The dried solutions leave a film with

defined edges indicating an areal density of MSS on the order

of 106 µm−2. At the edge of the deposited area, higher MSS

concentration may exist, however, no cluster formation is de-

tected by atomic force microscopy, and the AL results form

an average over the serpentine mesas. Therefore, the local

variation of the areal density does not affect the AL signals.

To verify that the measured differences in AL signal are due

to the MSS only, the role of both deionized water and the ni-

trate anion were evaluated. Each serpentine mesa experiences

a deionized water rinse as the final step of the fabrication pro-

cess. Since the measurement consists of a comparison of the

AL data between a bare (i.e. previously covered by deion-

ized water) mesa and an MSS covered mesa, we can consider

the contribution of deionized water and of possible oxidation

to be eliminated. The influence of the nitrate anion on the AL

signal was assessed by the comparative measurement of a bare

mesa and a mesa covered with a Bi(NO3)3.5H2O solution of

the same concentration. The Bi3+ ions have a spin angular

momentum quantum number S=0, and thus any observed dif-

ference may be attributed to the nitrate ions. No significant

difference was observed, indicating that contributions from

nitrate anions or from possible oxidation do not impact the

comparative AL measurements below [2]. Moreover, the twin

serpentines are fabricated simultaneously on the same sample

and experience the same cooldown, and hence the measured

differences in AL signals will be due only to the presence of

MSS and their interactions with the 2DES. The comparative

(rather than absolute) data allows the analysis.

From magnetotransport measurements and R(B = 0), it is

determined that the InAs surface 2DES has NS ∼ 0.6× 1012

cm−2 and µ ∼ 22, 000 cm2/Vs at T = 0.40 K. NS and µ are

determined for each serpentine and for each T . The 2D diffu-

sion constant D is calculated using the degenerate expression

D = 1
2v

2
F τ0, where vF is the Fermi velocity derived fromNS

(more details available in [2]). A possible positive correction

to D due to spin polarization and concomitant Pauli blockade

[22] is neglected, because the net spin polarization of the InAs

2DES due to the MSS is deemed small. For a given sample,

NS , µ and D do not vary in the range of the experimental T .

While NS , µ and D vary slightly among samples due to dif-

ferent cooldown history, no significant systematic variations

are caused by solution coverage, which allows direct compar-

isons of the quantum properties among all serpentine mesas.

The MR is presented as ∆R(B) = R(B)−R(B = 0) normal-

ized to R0 = R(B = 0), where R is the sample resistance.

Inspection of Fig. 2, presented as an example obtained at T
= 0.40 K, shows that AL signals are clearly changed by TM

ions, indicating interactions between TM ions and the 2DES.

The sharp positive MR for B ∼ 0, crossing over to negative

MR at higher B, is characteristic for AL.

The quantum corrections to the 2D conductivityσ2(B) aris-

ing from AL are small. Since then ∆R(B) ≪ R0, we

linearize to ∆σ2(B)/σ2(B = 0) ≈ −∆R(B)/R0, with

∆σ2(B) = σ2(B)−σ2(B = 0), which allows direct compar-

ison to experimental R(B) values. To fit the data and extract

τ−1
i , τ−1

s , and τ−1
SO, this work uses an expression for ∆σ2(B)

from Ref. [10] modified to include spin-flip scattering [2, 3]:

∆σ2(B) =
e2

2π2~

{

−

[

ψ(
1

2
+
B0

B
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1
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+
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B
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1
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ln(
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where ψ(x) is the digamma function and each scattering

time τα (with α = 0, i, SO, s) corresponds to a characteris-

tic magnetic field Bα = ~/(4eDτα). Bi, BSO and Bs are

used as fitting parameters allowing the determination of τi,
τSO and τs, while B0 is independently known from τ0 for

all serpentine mesas. The MR measurement of the bare ser-

pentine determines Bi and BSO when spin-flip scattering is

absent (τs → ∞). By assuming τi unchanged in the pres-

ence of MSS [4], Bi, BSO and Bs of the serpentine bearing

the MSS can then be determined after fitting the correspond-

ing MR measurement, and τi, τSO and τs are obtained in the

presence of MSS [2, 3]. The experimental data follow Eq. (1)

to good precision, as observed in the example of Fig. 2, while

also resulting in a consistent series of scattering rates τ−1
α

compatible with physical understanding.

RESULTS AND DISCUSSION

A comparison between Fig. 2a and Fig. 2b demonstrates

the sensitivity of AL to MSS. Coverage with Ni2+ reduces the

sharp positive MR forB ∼ 0 characteristic for AL, and cover-

age with Fe3+ changes the AL signal into a weak-localization

signal characteristically entirely lacking the positive MR for

B ∼ 0. Both Ni2+ and Fe3+, and particularly the latter, hence

mask the observation of the SOI responsible for AL. This ob-

servation may be explained by considering suppression of SOI

due to ferromagnetic ordering on the surface [24, 25]. Alter-

natively, the high τ−1
s induced by Ni2+ and Fe3+ may cause

fast spin dephasing and thus mask SOI. Indeed SOI locks spin

to momentum while maintaining spin phase, whereas spin-

flip scattering randomizes the spin phase. In Eq. (1) the terms

with Bi, BSO and Bs can be expressed in 2 combinations,

namely Bi + 2Bs corresponding to Bφ, and BSO −Bs. Cor-

respondingly, τ−1
SO and τ−1

s occur as τ−1
SO − τ−1

s , showing that

the two scattering mechanisms indeed oppositely influence the

spin decoherence measured by AL. Spin-flip scattering can

then change the MR signal from AL characteristic of substan-

tial SOI, to weak-localization, characteristic of weakened or

screened SOI. These qualitative observations will be detailed

below, as will be the effect of coverage with Co2+.

The observed AL signal is influenced by the electron con-

figuration and symmetry of the TM complexes on the surface.

The 3d electron configurations of the TM ions correspond to

d5 for Fe3+, d7 for Co2+ and d8 for Ni2+. The TM ions

are deposited from their aqueous nitrate salt solutions, where

each TM center is in an octahedral geometry coordinated to 6

H2O molecules, and associated with nitrate anions for charge

balance. Compared to the 5 degenerate 3d orbitals for a free

ion, in an octahedral geometry the 3d energy levels form 3

t2g and 2 eg levels due to crystal field splitting, as shown in

Fig. 3. The energy separation between the t2g and eg levels is

related to the TM and the surrounding ligands, here all H2O.

The schematic in Fig. 3 shows different energy separations,

and is calculated setting the energy difference in the case of

the Ni2+ complex as 1 unit [26]. Indicated in the middle

FIG. 3: Comparison of the electron configurations of the free (left

column), high-spin (middle column) and low-spin (right column)

states of the 3 TM ions studied. In each case, the total spin S of the

state and the associated effective magnetic moments are indicated.

column of Fig. 3 are TM ions in perfect octahedral geometry

with 6 identical H2O ligands favorable to forming high-spin

complexes. In the right column, low-spin configurations are

shown, and in all cases the total spin S is indicated, as well as

representative values for the observed effective magnetic mo-

ments µeff expressed in Bohr magnetons µB . In the low-spin

cases for Fe3+ and Co2+, µeff is essentially that of a single

unpaired electron [27]. In the d8 Ni2+ system, the electron

configuration of the high- and low-spin cases is identical, and

forms the baseline for our comparative discussion.

The dependence on T of τ−1
i for all TM samples is pre-

sented in Fig. 4. The TM samples show a linear depen-

dence on T of τ−1
i , consistent with Nyquist decoherence

arising from fluctuations in the electromagnetic background

[2, 3, 14, 28–30]. The comparison in Fig. 5 between τ−1
SO for

bare vs MSS-covered serpentine mesas demonstrates that τ−1
SO

and hence SOI increase in the presence of TM ions, negating

the formation of a ferromagnetic surface ordering as an ex-

planation for the reduction of the AL signals. The increase in

SOI may be attributed to the interaction of the electric fields

produced by the surface TM ions with the 2DES [11, 17, 23].

Inspection of Fig. 5 indicates the greatest change in the case
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FIG. 4: Inelastic scattering rates τ
−1

i
vs T for (a) Ni2+(hexagons)-

covered mesas; (b) Co2+(diamonds)-covered mesas; (c) Fe3+(down

triangles)-covered mesas. The ion-covered and bare mesas share the

same value, thus values for bare mesas are omitted. Solid lines form

guides to the eye. Error bars are indicated.

of the Fe3+ with +3 oxidation state, with lesser effects from

Ni2+ and Co2+, both with +2 oxidation state, supporting the

reasoning. With all three TMs, τ−1
SO remains approximately

constant with T within the range of T in the study. However,

Fig. 6 shows that magnetic spin-flip scattering, quantified by

τ−1
s , by only Ni2+ and Fe3+ remain approximately constant

within the same range of T , while magnetic spin-flip scatter-

ing by Co2+ increases as a function of T , albeit not linearly

and with a saturation of τ−1
s visible below 2 K.

We begin the discussion of the scattering rates by defining

the difference in spin-orbit scattering between bare (τ−1
SO|bare)

and MSS-covered (τ−1
SO|cov) serpentine mesas, and the differ-

ence of spin-flip scattering between bare (τ−1
s |bare = 0) and

MSS-covered (τ−1
s |cov = τ−1

s ) serpentine mesas, as:

FIG. 5: Spin-orbit scattering rates τ−1

SO
vs T for the Ni2+(hexagons)-

covered mesas, the Co2+(diamonds)-covered mesas, and the

Fe3+(down triangles)-covered mesas. Solid symbols represent data

for ion-covered mesas while open symbols represent data for bare

mesas. Error bars are indicated.

FIG. 6: Magnetic spin-flip rates τ
−1
s vs T , measured on the

mesas covered with resp. Ni2+(hexagons), Co2+(diamonds), or

Fe3+(down triangles). Error bars are indicated.

∆τ−1
SO = τ−1

SO|cov − τ−1
SO|bare,

∆τ−1
s = τ−1

s |cov − τ−1
s |bare = τ−1

s .
(2)

A positive ∆τ−1
SO leads to more pronounced AL. However,

as mentioned, with increasing ∆τ−1
s the spin flips disturb

the spin phase and hence disturb the spin quantum interfer-

ence leading to AL, and thereby mask the effect of SOI.

Increasing ∆τ−1
SO broadens and deepens the MR trace char-

acteristic of AL, while increasing ∆τ−1
s tends to weaken

the positive MR and leads to an MR characteristic of weak-

localization. From Fig. 5, ∆τ−1
s = τ−1

s increases accord-

ing to the sequence Co2+ (low) → Ni2+ → Fe3+ (high).

The ratios of ∆τ−1
s /∆τ−1

SO at T = 0.40 K are 2.5, 1.1, and

0.5 for the Fe3+, Ni2+, and Co2+ MSS respectively. For
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Fe3+ MSS, Fig. 2 shows that the AL signal changes to weak-

localization, indicating that the spin-flip scattering indeed in-

fluences this sample the most, in accordance with the highest

ratio ∆τ−1
s /∆τ−1

SO. With the Ni2+ and Co2+ MSS the effects

of SOI are less suppressed, inferred from the observation that

the AL signals in these two cases do not change to weak-

localization. Yet, with the Ni2+ MSS the MR trace is nar-

rowed and lowered while for the Co2+ sample it is broadened

and deepened, indicating that a threshold between appearance

of AL or weak-localization occurs for 0.5 ≤ ∆τ−1
s /∆τ−1

SO ≤
1.1.

The spin-flip scattering is related to µeff of the TM ion, in

turn related to the high- or low-spin state of the ion, with in-

creasing τ−1
s expected to correlate with increasing µeff [2, 3].

For Fe3+ and Co2+, a high- and low-spin state are possible.

The high-spin to low-spin µeff then range for Fe3+ from 5.9

µB to 1.9 µB and for Co2+ from 4.8 µB to 1.9 µB . For

Ni2+ no difference exists between high- and low-spin states,

both with µeff = 3.2 µB . Concerning τ−1
s we thus compare

the Fe3+ and Co2+ MSS data to the Ni2+ MSS data. As

indicated in Fig. 6, the data on τ−1
s supports the high-spin

state for Fe3+ , where moreover this spin state appears not to

change over T . If Co2+ resided in its high-spin state, then

τ−1
s with Co2+ MSS should lie close to τ−1

s with Fe3+ MSS.

Yet inspection of Fig. 6 shows that τ−1
s with Co2+ MSS lies

close to τ−1
s with Ni2+ MSS, hinting to a mixed but mostly

low-spin state at the lowest T = 0.40 K for Co2+. Moreover

for Co2+, τ−1
s increases with increasing T , and at T = 6.0

K τ−1
s for Co2+ exceeds τ−1

s for Ni2+ while remaining be-

low τ−1
s for Fe3+, again hinting to a change with T in the

spin state of the Co2+ MSS. We note that µeff of Ni2+ is ∼
the average of the high- and low-spin µeff of Co2+. Thereby,

when most of the Co2+ ions complete the spin transition from

low to high, the value of τ−1
s for the Co2+-covered mesa

is anticipated to be τ−1
s (Co2+)|high−spin ∼ 2τ−1

s (Ni2+) −
τ−1
s (Co2+)|low−spin = 0.42 ps−1 if a linear relation between

µeff and τ−1
s is assumed. From Fig. 6, τ−1

s (Co2+) = 0.41

ps−1 at T = 6.0 K, strongly suggesting a spin crossover pro-

cess. Considering a spin crossover in the case of Co2+, we

assume that as T is increased, the proportion of high-spin to

low-spin Co2+ in the population increases according to a spin

crossover process that is driven by T (as opposed to pressure-

orB-driven). The mole fraction function ρH(T ) of Co2+ ions

in their high-spin state can then be written as:

ρH(T ) =
1

eα(T1/2−T ) + 1
, (3)

where the inverse of the heuristic fitting parameter α de-

notes a temperature scale proportional to the energy required

to promote electrons from the t2g to the eg level and convert

low-spin Co2+ to high-spin Co2+. The T1/2 denotes the tem-

perature for a coexistence of 50% of low-spin and 50% of

high-spin Co2+ ions. We can obtain the expression for the T
dependence of the spin-flip rate of the Co2+-covered mesa as

(adapted from Ref. [31]):

FIG. 7: Data and modeling of τ−1
s vs T for the Co2+-covered mesas.

Down triangles represent experimental data, with error bars indi-

cated. The red solid line represents a theoretical fit as explained in

the text.

τ−1
s (T ) = τ−1

s |low−spin +∆τ−1
s,H−LρH(T ), (4)

where ∆τ−1
s,H−L = τ−1

s |high−spin − τ−1
s |low−spin.

Figure 7 demonstrates the fitting result of applying Eq. 4

to simulate the spin-flip rate data of the Co2+-covered mesa.

From the fitting α, T1/2, τ−1
s |low−spin, and ∆τ−1

s are derived

to be 1.6 K−1, 4.9 K, 0.13 ps−1, and 0.34 ps−1. Accordingly,

the spin-flip rate in high-spin state is 0.47 s−1, consistent with

the expectation of τ−1
s (Co2+)|high−spin = 0.42 ps−1 and the

observed spin-flip rate of Co2+ of 0.41 ps−1 at 6.0 K. The

agreement between experimental data and the theoretical cal-

culation suggests the existence of a spin transition. Data for

T > 6 K for Fig. 7 cannot be obtained using the AL approach

as quantum coherence is lost at higher T and the AL signal

vanishes.

Knowing that at low T Fe3+ is in its high-spin state and

Co2+ is in its low-spin state, the S, L and J of these TM ions

in their ground state can be then determined following Hund’s

rules: Ni2+ has S = 1, L = 3 and J = 4; Co2+ has S = 1
2 , L

= 4 and J = 9
2 ; Fe3+ has S = 5

2 , L = 0 and J = 5
2 . Unlike

the 4f electrons (deep inside the 5s and 5p shells) responsible

for paramagnetism in rare earth ions, the 3d electrons of the

TM ions reside in the outermost shell, and are thus unlikely to

result in paramagnetism. Paramagnetic behavior may be ob-

served in ferromagnetic or antiferromagnetic materials above

their Curie temperature TC , where thermal energy overcomes

the interaction between the neighboring spins. However, the

TCs of the MSS studied here are expected to much exceed

our highest T = 6.0 K. Consequently, we rule out the presence

of a paramagnetic system as a potential explanation for the T
dependence of τ−1

s in the case of Co2+ MSS.

In the following, the possibility is explored of spin-glass

formation in the Co2+ MSS system as an explanation for the

T dependence of τ−1
s in the case of Co2+ MSS. The mag-

netic moments of the TM ions can be locked to specific orien-
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tations by interaction with the substrate atoms or by RKKY

interactions [6, 7, 32, 33], leading to a spin-glass system,

which in turn reduces the spin-flip rate τ−1
s compared to a

free-spin system. Spin-glasses can occur where the axes of

the magnetic moments are distributed isotropically (Heisen-

berg spin-glass), or are aligned parallel or antiparallel (Ising

spin-glass). Under the present case of strong spin-orbit scat-

tering (τ−1
SO & τ−1

i ), alignment of spins due to either type of

spin-glasses are predicted to lead to the same reduction in τ−1
s

by a factor S/(S + 1) relative to the free-spin case [33, 34].

A smaller S thereby leads to stronger reduction of τ−1
s . For

Co2+ MSS we have S = 1
2 . Starting from an assumed free-

spin state at T = 6.0 K to reach a spin-glass by T = 0.40 K

would lead to a substantial reduction of τ−1
s by a factor of 1/3

on cooling from 6.0 K to 0.40 K. From Fig. 6 in the case of

Co2+ MSS, a saturation in τ−1
s = 0.13 ps−1 is observed when

T < 2 K, compatible with alignment due to spin-glass forma-

tion below 2 K. As T increases a free-spin case develops, and

starting from τ−1
s = 0.13 ps−1 at 2.0 K we find that the free-

spin state should be characterized by τ−1
s = ((S+1)/S) 0.13

ps−1 = 0.39 ps−1. This value is consistent with τ−1
s = 0.41

ps−1 at T = 6.0 K in Fig. 6. Another saturation of τ−1
s is then

anticipated above 6 K, demonstrated also by the differently-

derived fitting curve in Fig. 7. Experimentally the AL signal

fades for T > 6 K and performing experiments at higher T
does not yield a sufficient signal to extract information. Yet,

the consistency between the spin-glass model and the experi-

mental data of τ−1
s suggests that spin-glass formation should

not be excluded as explanation for the T dependence of τ−1
s

in the case of Co2+ MSS.

As an explanation for the increase with T of τ−1
s in the

case of Co2+ MSS (Fig. 6), we also explore formation of a

Kondo system between the Co2+ MSS as local moments and

the itinerant electrons in the InAs 2DES. In Kondo systems,

a spin-singlet state is formed from single Kondo impurity and

surrounding electrons within a Kondo cloud. Spin-flip scat-

tering is increasingly suppressed as T is lowered below the

Kondo temperature TK , due to screening of the moment of the

magnetic Kondo impurity by the electrons, and τ−1
s reaches a

maximum at TK [2, 4, 13, 15, 35]. Since Fig. 6 shows that τ−1
s

is still increasing at T = 6.0 K (the highest T ), for the present

Co2+/InAs system a TK > 6 K could be deduced if a Kondo

system were indeed formed. TK for Co on Cu surfaces has

been experimentally estimated at a relatively high TK ∼ 60

K [36–38]. Yet, for the InAs system, the low electron density

compared to Cu will lower TK substantially. The SOI in InAs

and the dense MSS coverage will further depress TK . For the

Co2+/InAs system, TK > 6 K is hence unlikely. While the

formation of a Kondo system cannot be excluded, it therefore

appears as an unlikely explanation for the increase with T of

τ−1
s in the case of Co2+ MSS (Fig. 6).

Since both the present quantum interference method and

NMR use spin decoherence times to detect magnetic mo-

ments, a qualitative sensitivity comparison between the ap-

proaches yields interesting insights. As pointed out by Ref.

[12] (cfr also Ref. [5]), the quantum interference method

based on AL can readily detect ∼ 1
1000 of a monolayer cov-

erage of MSS. In NMR the signal-to-noise ratio linearly de-

pends on the total magnetic moment of the sample and on the

resonant frequency. In the AL approach however, the signal-

to-noise ratio depends on the 2D length-to-width ratio and re-

sistivity of the detecting area (together forming a resistance)

and on the MSS coverage in the detecting area. The AL ap-

proach further has no dependence on a resonant frequency.

Given a minimum detectable coverage of ∼ 1
1000 monolayer,

the sensitivity of the AL approach does not directly depend

on the total detecting area or hence total magnetic moment of

the sample, but rather on the 2D length-to-width ratio of the

detecting area. A small detecting area (e.g. a few µm2, still

sufficiently large to support diffusive electron transport) can

hence lead to a sensitivity far surpassing NMR sensitivities.

NMR and the AL approach will of course find applicability in

elucidating different questions.

CONCLUSIONS

In a two-dimensional electron system on InAs, quantum

interference measurements in the form of antilocalization

were used to quantify the spin interactions between the low-

dimensional electron system and local moments from tran-

sition metal ions Fe3+, Co2+ and Ni2+ deposited in close

proximity on the InAs surface. The use of antilocalization

as a probe of electron spin decoherence allows measurements

akin to magnetic resonance techniques. The measurements

reveal the magnitude and temperature dependence of inelas-

tic scattering rate, the spin-orbit scattering rate, and the mag-

netic spin-flip rate of the InAs surface electrons as modified

by the different transition metal ions. The experiments show

that a high magnetic spin-flip rate can mask the effects of spin-

orbit interaction and that the spin-flip rate scales with the ef-

fective magnetic moment of the surface species. The experi-

ments also show that the spin-flip rates and their dependence

on temperature can be used to deduce information about the

spin states of the transition metal ions at the surface.
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