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Measurement by antilocalization of interactions between InAs surface electrons and local moments
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We show that antilocalization measurements can be used to experimentally study the interactions between
InAs surface electrons and local moments of the rare earth ions Sm3+, Gd3+ and Ho3+ on the surface. Magnetic
spin-flip scattering and spin-orbit scattering of the accumulation layer electrons are affected by the proximity of
the rare earth ions. The spin-flip rate carries information about magnetic interactions. Within the temperature
range studied, Sm3+ and Gd3+ yield temperature-independent electron spin-flip rates inproportion to their
magnetic moments. In proximity to Ho3+ the InAs electrons however show a spin-flip rate increasing with
temperature. We interpret the spin-flip rate due to Ho3+ as resulting from transitions between closely spaced
energy levels of the ion on the surface. The experiments alsoshow that the strength of spin-orbit interaction can
be modified by the surface species.

PACS numbers: 72.15.Rn,73.61.Ey,72.15.Qm,73.25.+i

The spin-exchange interactions between carriers and local
moments lead to modified magnetic and transport properties
of fundamental and applied interest, and as such form one
of the key parameters in spin physics and spin-based tech-
nologies. In particular, controllable surface magnetism and
its interaction with itinerant electrons in a non-magnetichost
has formed the subject of continuous investigations1–4. In
a series of comparative experiments, we study the interac-
tions which electrons in the accumulation layer formed on
the InAs surface experience from local spin moments due to
rare earth (RE) ions located on the surface, upon deposition
of an aqueous RE nitrate solution. We find that the pres-
ence of the RE ions modifies the spin-orbit interaction (SOI)
properties and the spin-flip scattering rate of the InAs surface
electrons, thus creating a tunable artificial structure where in-
teractions between electrons and local moments, and surface
magnetism, determine spin properties and can be studied. The
quantum phase coherence properties of the surface electrons
form a very sensitive probe both of their quantum states and
of the presence of magnetic impurities, exceeding in the latter
the sensitivity obtained by direct magnetic measurement5,6.
To study the interactions we hence use the weak-localization
quantum coherence corrections to the conductivity, causedby
interference between backscattered time-reversed electron tra-
jectories. The interference leads to a resistanceR with a spe-
cific dependence on the magnetic fieldB applied normally
to the surface, under strong SOI known as antilocalization
(AL)7–9.

Four characteristic scattering times10,11determine the quan-
tum corrections to the conductivity arising from AL: the elas-
tic scattering timeτ0 as deduced from carrier density and mo-
bility; the SOI scattering timeτSO; the inelastic scattering
time τi; and the magnetic spin-flip scattering timeτs, which
in combination withτi determines the electron dephasing time
τϕ. Of particular interest in the present work are the spin-
flip time τs, carrying the information about the interactions
between surface local moments and electrons, and the SOI
scattering timeτSO, carrying information about the strength
of the SOI. To extract values forτs it is advantageous to use
a system with pre-existing prominent SOI because the char-
acteristic magnetoresistance of AL shows a turnaround from
positive to negative magnetoresistance under increasingB, fa-

FIG. 1: Optical micrograph of a sample, with twin serpentineInAs
mesas (dark areas; light areas are etched to the GaAs substrate).

FIG. 2: (a) Magnetoresistance due to AL at 0.4 K on the bare mesas
twinned with the Sm3+(triangles)-, Gd3+(stars)- and Ho3+(circles)-
covered mesas in (b). (b) Magnetoresistance due to AL at 0.4 Kon
the covered mesas twinned with the bare mesas in (a) (1 out of 6
experimental points are plotted, curves offset by 2.5×10−4). Solid
lines are theoretical fits.

cilitating unique numerical fits of the AL model to the data.
It is well established that at the surfaces of InAs the Fermi
levelEF is pinned above the conduction band, forming a sur-
face electron accumulation layer and hence a two-dimensional
electron system (2DES) at the surface12–15. Our experiments
require electrons in close proximity to the local moments, sat-
isfied by the InAs surface 2DES. The InAs surface 2DES also
has substantial Rashba SOI16.
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FIG. 3: (a)Rxy and (b)Rxx data of a bare InAs accumulation layer
at 0.4 K. The circles (a) and the bold line (b) are experimental val-
ues (in (a) 1 out of 60 experimental points only are plotted).Fine
color lines are fitted curves from the two-carrier analysis,which in
(b) leads to a parabolic background inRxx.

As shown in Fig. 1, each sample consists of two imme-
diately neighboring twin serpentine mesas. The serpentines
increase the observed signal by increasing the channel length
to width ratio, and were transferred to 3.75µm thickn-InAs
films, grown on GaAs (001) substrates through metal organic
chemical vapor deposition. For each sample, onto only one of
the twin mesas 0.01µL of 6 × 10−4 M aqueous solution of
a RE nitrate solution is deposited, and then air-dried (circled
in Fig. 1). Prior to a detailed discussion of the method, its
capabilities and its assumptions, in Fig. 2 we compare low-
B AL data obtained at a temperatureT=0.4 K for twin mesa
samples, each with one mesa respectively bare of ions (Fig.
2(a)) and the other covered with an aqueous nitrate solutionof
Sm3+, Gd3+ or Ho3+ and dried (Fig. 2(b)). The magnetore-
sistance (MR) is presented as∆R(B) = R(B) − R(B = 0)
normalized toR0 = R(B = 0), whereR stands for the
longitudinal resistance (transport coefficientRxx). Measure-
ments occur by standard four-contact low-frequency lock-in
techniques. Clear AL phenomena occur as evidenced by a
sharp positive MR forB ∼ 0, crossing over to negative MR
at higherB. Clearly also, the AL data in Figs. 2(a) and (b)
differ, demonstrating the sensitivity of AL to surface species.
The twin mesas are part of the same sample, experience the
same processing apart from RE solution coverage, and expe-
rience the same cooldown to the experimentT (0.4 K≤ T ≤5
K). The AL signals are comparatively measured on the bare
and covered twin mesas, and it is from the comparative (rather
than absolute) data that conclusions are drawn. The paper dis-
cusses the interpretation of the comparative AL data.

The air-dried RE nitrate solutions leave a residual film with
defined edges. The film forms a visual indication of the RE
species concentration on the InAs surface, and reveals a higher
concentration (and thus RE species effective areal density)
at the edge of the deposited area. Atomic force microscopy
shows no cluster formation, however. Since the signal∆R(B)
results from an average over the serpentine mesas, we infer
that the difference in∆R(B) between bare and covered mesas
reflects a RE areal density averaged over the covered mesa as
well. While the averaging limits a detailed study of the de-
pendence on RE density, the method does allow a comparative
understanding of the interaction between surface electrons and
the different RE species, as presented below. The average sur-

FIG. 4: Schematic band structure at the surface of InAs, where the
2DES has a single occupied subband (the energy levels are explained
in the text, and|Ψ|2 represents the probability density (in arbitrary
units, with|Ψ|2=0 taken at theE1 line).

face RE ion density is estimated atnRE ≈ 106/µm2. The
solutions are prepared by dissolving RE(NO3)3·nH2O (where
n = 5 for Gd and Ho, and 6 for Sm) in deionized water, and the
starting nitrate solutions have the RE ions in their +3 oxidation
states, a relatively stable state17. Given the low concentration
of the solutions (6× 10−4 M) and complete miscibility of the
nitrate salts, a RE nitrate is appreciably hydrated, reducing
the probability that RE ions will approach each other, interact
and bond or hybridize with the substrate. Contributions to the
AL signal from the fabrication process, exposure to deionized
water, as well as from the nitrate ions were evaluated. The
twin serpentine patterns are fabricated simultaneously, with a
deionized water rinse as the final mesa fabrication step. Thus,
bare and RE solution covered mesas experience the same envi-
ronments and are both exposed to deionized water. Further, a
control sample with one bare mesa and one covered by deion-
ized water, and subsequently air-dried, was characterized, and
no difference in the AL signal was observed. To assess the
contributions of the nitrate ions, a Bi+3 nitrate solution of the
same concentration as the RE solutions was used. Bi+3 ions
have a spin angular momentum quantum numberS=0, and
thus any comparative changes in the AL data measured be-
tween the Bi ion covered versus bare mesa may be attributed
to the presence of nitrate ions (data not shown). We do not
observe any significant differences in the AL data in these
controls, and hence our measurements probe the interactions
between the RE ions and InAs surface electrons.

The transverse (Rxy, Hall) and longitudinal (Rxx = R)
transport coefficients in Figs. 3(a) and (b) indicate the pres-
ence of two carrier types with different carrier densityn and
mobility µ. By applying a two-carrier fit, we assign one type
to the surface accumulation layer electrons with (e.g. in Fig. 3)
surface densityns = 0.59 × 1012 cm−2 and surface mobil-
ity µs = 22000 cm2/Vs, and the other to the bulk electrons
with bulk densitynb = 2.3 × 1016 cm−3 and bulk mobil-
ity µb = 4100 cm2/Vs. Table I shows the transport proper-
ties for the samples discussed here, including the diffusion
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FIG. 5: (a) Magnetoresistance due to AL on bare mesa and (b) on
covered mesa, both of the Ho3+ sample at (from top to bottom)
T=0.4, 0.7, 1.3, 3.0 and 5.0 K (1 out of 6 experimental points are
plotted, curves offset by 2.5×10−4). Solid lines are theoretical fits.

coefficientsD for the surface electrons. For a given sam-
ple, mobilities and densities do not vary in the range of the
experimental temperatures. Mobilities and densities varyper
sample, yet no significantly systematic variation caused byso-
lution coverage is observed. The values ofns are consistent
with previous studies14,15. The assignation is confirmed by a
self-consistent calculation, using non-parabolicity in the InAs
dispersion, with aΓ-point effective mass of 0.024 and lowT
band gap of 418 meV. Figure 4 depicts a schematic band struc-

ture and the probability density (|Ψ|2) associated with the sur-
face electron wave function. Fromnb, the Fermi levelEF

is calculated at 12 meV aboveEb
C , the location of the bulk

conduction band. We calculate a downward band bending of
130 meV toward the surface15, pinning the conduction band
atEs

C at the surface. The traceEs
C to Eb

C in Fig. 4 forms a
triangular quantum well close to the surface. Within the trian-
gular quantum well approximation, use ofns locates the 1st

subband energyE1 at 83 meV belowEF . The 2nd subband
energy would then fall aboveEF , indicating a single subband
system, consistent with the two-carrier fit. The approximate
width of the triangular well is calculated at 25 nm and for
all samples the Fermi wavelength is about 30 nm. The two-
carrier fit is performed for each individual mesa andns and
µs determined, as summarized in Table I.

Figures 2 and 5 show∆R(B)/R0, whereR(B) was sym-
metrized to remove components resulting from residualRxy

or other slight electronic shifts, and where the parabolic back-
ground due to the classical two-carrier MR was subtracted
(Fig. 3(b)). In the absence of spin-flip scattering, the quan-
tum corrections to the two-dimensional conductivityσ2(B)
arising from AL are sensitive toτ0, τi and τSO. In the
presence of spin-flip scattering,τi is to be replaced by the
phase coherence timeτφ18,19 defined asτ−1

φ = τ−1

i + 2τ−1
s ,

andτ−1

SO by (τ−1

SO − τ−1
s )19. An expression for∆σ2(B) =

σ2(B) − σ2(B = 0) is then obtained as9,20:
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whereψ(x) is the digamma function and each scattering time
τα (with α = 0, i, SO, s) corresponds to a characteristic mag-
netic fieldBα = ~/(4eDτα). Since∆R(B) ≪ R0 we lin-
earize to∆σ2(B)/σ2(B = 0) ≈ −∆R(B)/R0 which allows
direct comparison to experimentalR(B) values. Experimen-
tally, our data follow Eq. (1) to good precision.

Bi, BSO andBs are fitting parameters allowing the deter-
mination ofτi, τSO andτs, whileB0 is independently and sep-
arately known fromτ0 for all mesas. We notice that in Eq. (1)
the terms withBi, BSO andBs can be expressed in 2 combi-
nations, namelyBi+2Bs corresponding toBφ = ~/(4eDτφ),
andBSO − Bs. As a result, only 2 of 3 unknown parameters
can be independently determined from one data set. Two data
sets, on twin bare and solution-covered mesas, are necessary
to determineBi, BSO andBs

1. On the bare mesas, no in-
tentional magnetic impurities are introduced, and we assume
Bs → 0, resulting inBφ → Bi andBSO − Bs → BSO.
For the bare mesasBi andBSO can then be determined from
the data. From experiments on metal systems1 it is known
that magnetic impurities introduce spin-flip scattering and ad-

ditional spin-orbit scattering, but do not affect inelastic scat-
tering. Thusτi can be assumed the same for bare and cov-
ered twin mesas fabricated on the same sample. Then thisτi
yields a value forBi for the corresponding covered mesa by
usingBi = ~/4eDτi withD as measured in the covered mesa
(from Table I). NextBSO andBs are determined for the cov-
ered mesa by fitting Eq. (1). By this methodτi, τSO andτs
are obtained for the covered mesas andτi andτSO (τs → ∞)
for the bare mesas.

Figure 5 uses the Ho3+ sample as example to show the
correspondence between data and theoretical fit for both bare
and covered mesas at differentT . A 5% variation inτi, τSO

andτs can be applied to the values obtained from the fits and
still obtain a good correspondence with the data, and 5% error
bars are thus applied to the remainder of the work. Different
fitting models apart from Eq. (1) also lead to different val-
ues, varying by up to 30%. However, it is important to note
that the relative values ofτi, τSO andτs, between bare and
solution-covered twin mesas, and between differentT values,
do not vary significantly if the same model is applied con-
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TABLE I: Surface accumulation layer electron transport properties:ns, µs, andD, atT=0.4 K.

Covered mesa Bare mesa Covered mesa Bare mesa Covered mesa Bare mesa

(Ho3+) (Ho3+) (Sm3+) (Sm3+) (Gd3+) (Gd3+)

ns (1012 cm−2) 0.61 0.55 0.63 0.59 0.61 0.69
µs (104cm2/Vs) 2.4 2.1 2.5 2.2 3.0 2.1
D (103cm2/s) 1.2 0.9 1.2 1.0 1.5 1.1

sistently. Likewise, the uncertainty in transport parameters
(such asD), will not affect the relative values ofτi, τSO and
τs either. Hence reliable information can be drawn from the
comparative trends related to the RE ion and under varying
T , although absolute values for the scattering times cannot be
quoted to better than 30%. Figures 6 and 7 contain the exper-
imental results, presented as scattering rates as functionof T
(with associated error bars). The modification of the scattering
rates due to the presence of the RE ions is assigned predom-
inantly to the single-subband surface electrons and not to the
bulk electrons, since the proximity of the surface electrons to
the surface local moments enhances the interactions. The AL
analysis also proceeds under the approximation that we may
neglect the AL contribution from the bulk layer without intro-
ducing substantial distortion of the results. This approxima-
tion rests on the fact that SOI in the bulk is small compared to
the strong Rashba SOI at the surface, and hence the bulk con-
tribution to the AL signal is expected to be smaller than the
surface contribution. Moreover, the twin-mesa comparative
approach (barevs covered mesas) emphasizes the difference
in AL signal due to RE ion coverage, a difference likely to
be dominated by the surface contribution. In the AL analy-
sis we have also neglected the electron-electron scattering be-
tween surface and bulk electrons, because an upper bound for
the electron-electron scattering rateτ−1

ee can be estimated11 to
lie in the range0.3 × 1010 s−1< τ−1

ee < 5 × 1010 s−1 for
0.4 K≤ T ≤5 K. The rateτ−1

ee is thus expected to be about
an order of magnitude slower than the other scattering rates,
1011 s−1< τ−1

α < 1012 s−1 (α = i, SO, s), and neglect of
electron-electron scattering, especially between spatially sep-
arated surface and bulk electrons, is justified.

Figure 6 shows theT dependence ofτ−1

i , adopted as com-
mon for both bare and RE ion-covered mesas. The linear
dependenceτ−1

i ∼ T is consistent with dominant Nyquist
decoherence23 arising from fluctuations in the electromag-
netic background. The spin-orbit scattering rateτ−1

SO increases
in the presence of RE ions, as comparison in Fig. 6 demon-
strates. SOI is influenced by atomic weight, and Fig. 6 demon-
strates that heavy elements such as the REs can increase the
average SOI experienced by carriers in their proximity, lead-
ing to the observed experimental result. The increase by
adatom coverage has been observed in metals systems7 and
has been proposed as a means of increasing the average SOI in
low-SOI systems like graphene21. Figure 6 indicates that for
both bare and covered mesasτ−1

SO is not stronglyT -dependent
within the experiment range ofT , consistent with previous

FIG. 6: Different scattering ratesτ−1
α (α = SO or i) vs T for (a)

Sm3+(triangles) sample; (b) Gd3+(stars) sample; (c) Ho3+(circles)
sample. In all the graphs solid symbols stand forτ−1

SO of the ion-
covered mesa; open symbols stand forτ−1

SO of the bare mesa; half-
solid symbols stand forτ−1

i of both mesas, sharing the same value.
Solid lines form guides to the eye. Error bars are indicated.

discussions22. The residualT -dependence, and the small dif-
ferences in relative magnitudes of the increase inτ−1

SO depen-
dent on RE ion, are the result of several competing effects and
must be relegated to future study.

Figure 7 indicates that the spin-flip rateτ−1
s is strongly in-

fluenced by the type of RE ion deposited. A magnetic inter-
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FIG. 7: The spin-flip rateτ−1
s of ion-covered mesasvs T 1/2. Solid

lines form guides to the eye. Error bars are indicated.

actionσ · S between local RE momentsS and electron spins
σ hence exists, whereS denotes the total spin of the RE ion
4f electrons. The presence of the interaction is borne out in
Fig. 7 by the influence of the ions onτ−1

s , showing a modi-
fication of the electron spin states in the presence of the RE
ions. Sm3+, Gd3+, and Ho3+ differ in the magnitude of the
spin-flip rate they impart, as well as its dependence onT ,
properties which will be discussed below. Free from a sub-
strate the RE ions are characterized by paramagnetic behav-
ior with effective magnetic moments due to partially filled 4f
shells. The effective momentsµeff are expressed in Bohr
magnetons (µB), with Sm3+ havingµeff = 1.5µB, Gd3+

havingµeff = 8.0µB, and Ho3+ havingµeff = 10.4µB.
The spinS, orbital L and total angular momentum quan-
tum numbersJ of the RE ions in their ground state are as
follows, following Hund’s rules: Sm3+ hasS=5

2
, L=5 and

J=5

2
; Gd3+ hasS=7

2
, L=0 andJ=7

2
; Ho3+ hasS=2, L=6

andJ=8. One may expect paramagnetic behavior to be main-
tained on a substrate, since the 4f shells are partially shielded
by the outermost s and p shells and crystal field effects will
hence be small. However, the magnetic moments of the RE
ions may still be locked to specific orientations by interaction
with the substrate atoms, or by Rudermann-Kittel-Kasuya-
Yosida (RKKY) interactions3,24,25, leading to spin-glass be-
havior. Both a paramagnetic system or a spin-glass lead to
spin-flip scattering. To identify which of the two is occuring
on the InAs surface, we have to ascertain how respectively
paramagnetic behavior andT−dependent spin-glass forma-
tion influenceτ−1

s . Spin-glasses can occur with the axes of
the moments distributed isotropically (Heisenberg spin-glass),
or aligned parallel or antiparallel (Ising spin-glass). Under the
present case of strong spin-orbit scattering (τ−1

SO & τ−1

i ) how-
ever, both spin-glasses are predicted to lead to the same reduc-
tion in τ−1

s by S/(S + 1) compared to the free-spin case24,26.

For Sm3+ and Gd3+ Fig. 7 shows aτ−1
s independent ofT .

The higher spin-flip rate observed for Gd3+ correlates with its
higher moment (8.0µB, compared to 1.5µB for Sm3+). For
Sm3+ and Gd3+ we observe noT−dependence in the data,
and hence no conclusion can be drawn about spin-glass be-
havior. For Ho3+ Fig. 7 shows a dependenceτ−1

s ∼ T n

with n ≈ 1

2
. We note thatparamagnetic alignment due to

theB applied normal to the sample is expected to be neg-
ligible. The fraction of the RE ions aligned along the ap-
plied B can be calculated asf = gJµBBJ(x)/µeff , with
x = gJµBB/(kBT ), and withg the Landé factor,BJ(x) the
Brillouin function andkB the Boltzmann constant. In the ex-
perimental range analyzed for AL,B/T reaches 300 G/K, at
T=0.4 K andB=120 G. A maximal paramagnetic alignment
f of 0.32% is then expected for Sm3+, 5.2% for Gd3+, and
7.2% for Ho3+. The effect of the alignment on the average
spin-flip rate can be calculated by considering the fractionf
of aligned spins and multiplying the rate byS/(S+1) for this
fraction. From this calculation, when loweringT from 5 K to
0.4 K paramagnetic alignment is expected to reduceτ−1

s by a
factor of 0.999 for Sm3+, of 0.988 for Gd3+, and of 0.976 for
Ho3+. The relative reduction inτ−1

s due to any paramagnetic
alignment during the experiment is thus small, and below the
measurement threshold for all RE ions. Moreover, for Ho3+,
a complete alignment due to spin-glass formation atT = 0.4
K starting from a free-spin case atT = 5 K would lead reduc-
tion of τ−1

s by a factorS/(S + 1) = 2

3
on cooling from 5 K

to 0.4 K. Yet, the experimentally determined ratio of the spin-
flip rates at 0.4 K (τ−1

s = 0.067 ps−1) and atT = 5 K (τ−1
s

= 0.16 ps−1) is 0.42, a stronger reduction than the maximal
spin-glass case can account for. Hence, whereas no conclu-
sion can be drawn about spin-glass formation for Sm3+ and
Gd3+, for Ho3+ spin-glass formation is unlikely to lie at the
origin of our observations.

The dependenceτ−1
s ∼ T

1

2 we observe for InAs electrons
interacting with Ho3+, was also observed in Kondo systems
below their Kondo temperature (TK), formed between itin-
erant electrons and local impurity moments5,26. At low T
a single Kondo impurity forms a spin-singlet state with sur-
rounding electrons within a Kondo cloud. BelowTK the mo-
ment of the magnetic Kondo impurity is screened by the elec-
trons, and spin-flip scattering is then increasingly suppressed
as T is lowered belowTK , while reaching a maximum at
TK

1,6,18,33,34. The present experiments are limited toT < 5
K due to the requirement of quantum coherence for the AL
signal. However, from the monotonous decrease inτ−1

s with
decreasingT we deduce that if Kondo physics is indeed ac-
tive, then the data indicateTK > 5 K. However, in ourn-InAs
system the low electron density and comparatively dense ion
coverage, the high spin from the underscreened RE ions, and
the strong SOI exclude such a highTK > 5 K. The observedT
dependence ofτ−1

s in the Ho3+ case can thus not be explained
by the formation of a Kondo system.

An origin for theτ−1
s ∼ T

1

2 observed for InAs electrons in-
teracting with Ho3+ may lie in the large number of low-lying
energy levels generated by the incompletely filled 4f levels
of RE ions, leading to characteristically dense energy spectra.
For triply ionized RE ions, crystal field effects typically do
not lead to a major rearrangement of energy levels27, and rel-
evant energy levels can thus approximately be identified from
Ho3+ spectra in various solid-state environments. The exis-
tence of spin-flips in the electron system implies a change in
S for the RE ion. We thus want to identify transitions from
the 5I8 ground state of Ho3+ to states of differentS, within
kBT ≈ 0.5 meV from the ground state at our measurement
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temperatures. The 4f electrons in RE ions form multiplets
arising from SOI following the Russell-Saunders approxima-
tion, with splitting between multiplet levels ofλL · S, where
λ is the SOI constant for particularL andS in the RE ion.
The multiplet levels are characterized by aJ value with 2S+1
possible values. The energy difference between the ground
state5I8 and the next multiplet member,5I7, is however 626
meV28 ≫ 0.5 meV, and5I8 and5I7 share the sameS=2 value.
The excited multiplet3K8 state of Ho3+ however, situated 5.1
meV above5I8, can answer the criteria for thermally excited
spin-flip transitions, especially if the levels are furthersplit or
broadened due to proximity to the InAs surface. In previous
work30,31 it has been noted that the ground state5I8 has sub-
stantial admixture of3K8 states, reinforcing the possibility of
transitions mediated by InAs surface electrons, with accompa-
nying spin-flip. We note that, compared to Ho3+, Sm3+ has a
low µeff = 1.5µB which will reduce the spin-flip rate, while
Gd3+ hasL=0, suppressing the splitting due toλL · S, and
hence has a spectrum characterized by a large (≈ 4 eV) gap
between its8S7

2

ground state and the next excited state. Apart

from multiplet level splittings, Ho3+ is susceptible to other
mechanisms leading to finer level structure. From the lifetime
of resonance levels, it is known that coupling between crystal
electric fields and the hydrated salts of the outlying lanthanide
ions such as Ho3+, is higher than for mid-series lanthanide
ions (here particularly Gd3+ but also Sm3+)27,29. The higher
coupling to the environment for Ho3+ may lead to an electric
Stark splitting of levels into 2J+1 closely spaced levels, with
a spacing sensitively dependent on the magnitude and sym-
metry of the environmental electric field. Hyperfine splitting

should also be considered27,30–32, particularly again for Ho3+

due to the large value for its nuclear magnetic moment (in
nuclear magnetons: 4.01 for Ho, compared to -0.21 for Sm
and -0.11 for Gd averaged over their isotopes). A splitting
of ∼ 1.5 meV has been quoted30, in range for thermal exci-
tations in the present experiments although the precise value
will depend on environmental factors. An exact quantitative
assessment of the transitions responsible for our experimen-
tal observation thatτ−1

s ∼ T
1

2 for electrons interacting with
Ho3+ cannot presently be deduced from the data. It is sig-
nificant however that the AL measurement ofτ−1

s identifies
a pronouncedT dependence for Ho3+, and a higher spin-flip
rate for Gd3+ than for Sm3+, as these results are indeed borne
out from their magnetic moments and energy level spectra.

In conclusion, using antilocalization measurements we ob-
serve spin interactions between two-dimensional electrons
at the surface of InAs and local moments from rare earth
ions Sm3+, Gd3+, and Ho3+ deposited on the surface. The
measurements provide the magnitude and temperature depen-
dence of the spin-flip rate, the spin-orbit scattering rate,and
the inelastic scattering rate of the InAs surface electronsas
modified by the rare earth ions. The experiments show that
the strength of the spin-orbit interaction can be modified by
the proximity of rare earth ions. We also demonstrate an ac-
cordance between the modified surface electron spin-flip rates
and the rare earth ion energy level structures and magnetic
moments. The authors thank K. Park and T. Dietl for useful
discussions. This work was supported by the DOE through
Grant No. DOE DE-FG02-08ER46532.
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