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M easurement by antilocalization of interactions between InAs surface electrons and local moments

Yao Zhang! R. L. Kallaher! V. Soghomoniart,and J. J. Heremahs
!Department of Physics, Virginia Tech, Blacksburg, Virginia 24061, USA

We show that antilocalization measurements can be usedperimentally study the interactions between
InAs surface electrons and local moments of the rare eanthSoi+, G+ and HG™* on the surface. Magnetic
spin-flip scattering and spin-orbit scattering of the aculation layer electrons are affected by the proximity of
the rare earth ions. The spin-flip rate carries informatibouk magnetic interactions. Within the temperature
range studied, St and Gd™* yield temperature-independent electron spin-flip rategraportion to their
magnetic moments. In proximity to Hb the InAs electrons however show a spin-flip rate increasiith w
temperature. We interpret the spin-flip rate due toHas resulting from transitions between closely spaced
energy levels of the ion on the surface. The experimentsshise that the strength of spin-orbit interaction can
be modified by the surface species.

PACS numbers: 72.15.Rn,73.61.Ey,72.15.0m,73.25.+i

The spin-exchange interactions between carriers and loci
moments lead to modified magnetic and transport propertie
of fundamental and applied interest, and as such form on
of the key parameters in spin physics and spin-based tecl
nologies. In particular, controllable surface magnetisid a
its interaction with itinerant electrons in a non-magnébst
has formed the subject of continuous investigatiohs 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 ti
rare earth (RE) ions located on the surface, upon depositio:.
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 InAsestef
electrons, thus creating a tunable artificial structureneire
teractions between electrons and local moments, and surfa (@) (b)
magnetism, determine spin properties and can be studied. Tl
quantum phase coherence properties of the surface elsctros~
form a very sensitive probe both of their quantum states an 2
of the presence of magnetic impurities, exceeding in therlat g°
the sensitivity obtained by direct magnetic measureffent
To study the interactions we hence use the weak-localizatio
guantum coherence corrections to the conductivity, cabged
interference between backscattered time-reversed eftetcs- y
jectories. The interference leads to a resistaReith a spe- -100  -50 OG) 50 100 -100 -50 0 _ 50 100
cific dependence on the magnetic figitdapplied normally

E(;S\;}_gsurface, under strong SOI known as antllocallzatlorhq 2: (a)_ Magnetqresi_stance due to AL at 0.4 K on the_bareames
: o o _ twinned with the S (triangles)-, G8™ (stars)- and H&' (circles)-
Four characteristic scattering tinis'determine the quan-  covered mesas in (b). (b) Magnetoresistance due to AL at ®# K
tum corrections to the conductivity arising from AL: the®la the covered mesas twinned with the bare mesas in (a) (1 out of 6
tic scattering timey, as deduced from carrier density and mo- experimental points are plotted, curves offset byx2.6~*). Solid
bility; the SOI scattering timeso; the inelastic scattering lines are theoretical fits.
time 7;; and the magnetic spin-flip scattering timg which
in combination withr; determines the electron dephasing time
7,. Of particular interest in the present work are the spin-cilitating unique numerical fits of the AL model to the data.
flip time 74, carrying the information about the interactions It is well established that at the surfaces of InAs the Fermi
between surface local moments and electrons, and the S@dvel £ is pinned above the conduction band, forming a sur-
scattering timergo, carrying information about the strength face electron accumulation layer and hence a two-dimeakion
of the SOI. To extract values fot, it is advantageous to use electron system (2DES) at the surf&&® Our experiments
a system with pre-existing prominent SOl because the charequire electrons in close proximity to the local momerds, s
acteristic magnetoresistance of AL shows a turnaround fronsfied by the InAs surface 2DES. The InAs surface 2DES also
positive to negative magnetoresistance under incredsjfig-  has substantial Rashba SO

FIG. 1: Optical micrograph of a sample, with twin serpentinas
mesas (dark areas; light areas are etched to the GaAs sapstra
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FIG. 3: (a)R.y and (b)R.. data of a bare InAs accumulation layer
at 0.4 K. The circles (a) and the bold line (b) are experimerdh
ues (in (a) 1 out of 60 experimental points only are plottefgine
color lines are fitted curves from the two-carrier analysikjch in
(b) leads to a parabolic backgroundi....
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. . . . FIG. 4: Schematic band structure at the surface of InAs, evhies
“As shown in Fig. 1, each sample consists of two imMe-;pes has a single occupied subband (the energy levels arreg
diately neighboring twin serpentine mesas. The serpentingn the text, and¥|> represents the probability density (in arbitrary
increase the observed signal by increasing the channehlengunits, with| ¥ |>=0 taken at thez, line).

to width ratio, and were transferred to 3. thick n-InAs
films, grown on GaAs (001) substrates through metal organic

chemical vapor deposition. For each sample, onto only one ghce RE ion density is estimated @k ~ 10°/um?. The
the twin mesas 0.0LL of 6 x 10~* M aqueous solution of  solutions are prepared by dissolving RE(QnH.O (where
a RE nitrate solution is deposited, and then air-dried i@ifc n =5 for Gd and Ho, and 6 for Sm) in deionized water, and the
in Fig. 1). Prior to a detailed discussion of the method, itsstarting nitrate solutions have the RE ions in their +3 otiata
capabilities and its assumptions, in Fig. 2 we compare lowstates, a relatively stable st&teGiven the low concentration
B AL data obtained at a temperatufe=0.4 K for twin mesa  of the solutions§ x 10~* M) and complete miscibility of the
samples, each with one mesa respectively bare of ions (Figitrate salts, a RE nitrate is appreciably hydrated, redyci
2(a)) and the other covered with an aqueous nitrate solofion the probability that RE ions will approach each other, iatér
S+, Gd* or Ho** and dried (Fig. 2(b)). The magnetore- and bond or hybridize with the substrate. Contributionie t
sistance (MR) is presented &s?(B) = R(B) — R(B = 0) AL signal from the fabrication process, exposure to deiediz
normalized toRy = R(B = 0), where R stands for the \yater, as well as from the nitrate ions were evaluated. The
longitudinal resistance (transport coefficigdt,). Measure-  twin serpentine patterns are fabricated simultaneousty, av
ments occur by standard four-contact low-frequency laock-i gejonized water rinse as the final mesa fabrication steps,Thu
techniques. Clear AL phenomena occur as evidenced by gare and RE solution covered mesas experience the same envi-
sharp positive MR fo3 ~ 0, crossing over to negative MR ronments and are both exposed to deionized water. Further, a
at higherB. Clearly also, the AL data in Figs. 2(a) and (b) control sample with one bare mesa and one covered by deion-
differ, demonstrating the sensitivity of AL to surface sigsc  jzed water, and subsequently air-dried, was characterzet
The twin mesas are part of the same sample, experience thg difference in the AL signal was observed. To assess the
same processing apart from RE solution coverage, and expgontributions of the nitrate ions, a Bi nitrate solution of the
rience the same cooldown to the experinEf0.4 K< 7' <5  same concentration as the RE solutions was usetf Bns
K). The AL signals are comparatively measured on the bargayve a spin angular momentum quantum num$x®, and
and covered twin mesas, and it is from the comparative (rathgns any comparative changes in the AL data measured be-
than absolute) data that conclusions are drawn. The paper diyween the Bi ion covered versus bare mesa may be attributed
cusses the interpretation of the comparative AL data. to the presence of nitrate ions (data not shown). We do not
The air-dried RE nitrate solutions leave a residual film withobserve any significant differences in the AL data in these
defined edges. The film forms a visual indication of the REcontrols, and hence our measurements probe the interaction
species concentration on the InAs surface, and revealsiahig between the RE ions and InAs surface electrons.
concentration (and thus RE species effective areal dgnsity The transverseH,,, Hall) and longitudinal £, = R)
at the edge of the deposited area. Atomic force microscopgransport coefficients in Figs. 3(a) and (b) indicate thespre
shows no cluster formation, however. Since the sign&( B) ence of two carrier types with different carrier densitand
results from an average over the serpentine mesas, we infarobility ;. By applying a two-carrier fit, we assign one type
that the difference ilA R( B) between bare and covered mesasto the surface accumulation layer electrons wét.(in Fig. 3)
reflects a RE areal density averaged over the covered mesasisrface density,, = 0.59 x 10'? cm~2 and surface mobil-
well. While the averaging limits a detailed study of the de-ity u, = 22000 cm?/Vs, and the other to the bulk electrons
pendence on RE density, the method does allow a comparativéith bulk densityn, = 2.3 x 10'¢ ecm~—3 and bulk mobil-
understanding of the interaction between surface elestind ity 1, = 4100 cm?/Vs. Table | shows the transport proper-
the different RE species, as presented below. The average sties for the samples discussed here, including the diffusio
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(@) (b) ture and the probability densityd{|2) associated with the sur-
15 15 face electron wave function. From,, the Fermi levelEr
— N is calculated at 12 meV abovg?, the location of the bulk
o 0 1033 conduction band. We calculatg a QOwnward band. bending of
E° X /\/‘\ g 130 meV toward the surfaé® pinning the conduction band
X X ey at E, at the surface. The tradg{, to E2 in Fig. 4 forms a
31 5 /"\/’\5 ‘= triangular quantum well close to the surface. Within thartri
N A —*  gular quantum well approximation, use of locates the ¥
0 Mo subband energ¥; at 83 meV belowEr. The 2*¢ subband
-100 100 100 -50 0 50 100 energy would then fall abovE, indicating a single subband

0 0 50
B (G) B(G) system, consistent with the two-carrier fit. The approxanat

width of the triangular well is calculated at 25 nm and for
81 samples the Fermi wavelength is about 30 nm. The two-
carrier fit is performed for each individual mesa andand

s determined, as summarized in Table I.

Figures 2 and 5 show R(B)/ Ry, whereR(B) was sym-
metrized to remove components resulting from resida)
coefficientsD for the surface electrons. For a given sam-Or other slight electronic shifts, and where the parabaicke
ple, mobilities and densities do not vary in the range of theground due to the classical two-carrier MR was subtracted
experimental temperatures. Mobilities and densities pary  (Fig. 3(0)). In the absence of spin-flip scattering, the guan
sample, yet no significantly systematic variation causesboy ~tUm corrections to the two-dimensional conductivity(3)
lution coverage is observed. The valueswgfare consistent arising from AL are sensitive tap, 7; and 750. In the
with previous studigé !> The assignation is confirmed by a Presence of spin-flip scattering is to be replaced by the
self-consistent calculation, using non-parabolicityia thAs ~ Phase coherence timg'®'*defined as ;' = 7, + 27,7,
dispersion, with &-point effective mass of 0.024 and Idiv ~ and 75/, by (755 — 7571)*°. An expression for\oo(B) =
band gap of 418 meV. Figure 4 depicts a schematic band strue~(B) — o2(B = 0) is then obtained 2%

FIG. 5: (a) Magnetoresistance due to AL on bare mesa and (b) o
covered mesa, both of the Fio sample at (from top to bottom)
T7=0.4, 0.7, 1.3, 3.0 and 5.0 K (1 out of 6 experimental poings ar
plotted, curves offset by 2:610~%). Solid lines are theoretical fits.

€2 By 1  B;+ Bso + Bs 1 1 B;+2B; 1, .1 B;+2Bso
20a() = 355 {- [wi3 + B - w3 00t ) 4 505 + 2 - gulg + 200
) B; + Bso + Bs 1 B; + 2B, 1 B; +2Bso
+ {ln(—) —In( i )+ =In( iz ) — §ln ( B )]} Q)

wherey (z) is the digamma function and each scattering timeditional spin-orbit scattering, but do not affect ineladtat-
To (With @ = 0,14, SO, s) corresponds to a characteristic mag- tering. Thusr; can be assumed the same for bare and cov-
netic field B, = h/(4eD7,). SinceAR(B) <« Ry we lin-  ered twin mesas fabricated on the same sample. Them;this
earize toAos(B)/o2(B = 0) ~ —AR(B)/R, which allows  yields a value forB; for the corresponding covered mesa by
direct comparison to experiment&l B) values. Experimen- usingB; = h/4eD7; with D as measured in the covered mesa
tally, our data follow Eq. (1) to good precision. (from Table I). NextBgo and B are determined for the cov-
ered mesa by fitting Eq. (1). By this methed rso and

Bi, Bso and B; are fitting parameters allowing the deter- are obtained for the covered mesas andndrso (1, — )

mination ofr;, 7o andrs, while By is independently and sep- for the bare mesas.

arately known fromr, for all mesas. We notice thatin Eq. (1)

the terms withB;, Bso andB, can be expressed in 2 combi-  Figure 5 uses the Hd sample as example to show the
nations, namelyB;+2B; corresponding t&, = //(4eDTy), correspondence between data and theoretical fit for both bar
andBso — Bs. As aresult, only 2 of 3 unknown parameters and covered mesas at differéfit A 5% variation int;, 7so

can be independently determined from one data set. Two datndr, can be applied to the values obtained from the fits and
sets, on twin bare and solution-covered mesas, are negessatill obtain a good correspondence with the data, and 5% erro
to determineB;, Bso and B,1. On the bare mesas, no in- bars are thus applied to the remainder of the work. Different
tentional magnetic impurities are introduced, and we assumfitting models apart from Eq. (1) also lead to different val-
Bs — 0, resulting inBy — B; and Bsp — Bs — Bso. ues, varying by up to 30%. However, it is important to note
For the bare mesas; andBso can then be determined from that the relative values af;, 750 andr,, between bare and
the data. From experiments on metal systeihss known  solution-covered twin mesas, and between diffefemalues,
that magnetic impurities introduce spin-flip scatteringad-  do not vary significantly if the same model is applied con-



TABLE I: Surface accumulation layer electron transportgaies:n., is, andD, at7=0.4 K.

Covered mesa Bare mesa Covered mesa Bare mesa Covered mesa re meBa
(Ho*) (Ho*h) (Smt) (Smt) (GdP™) (Gd*M)
ns (10" cm™2) 0.61 0.55 0.63 0.59 0.61 0.69
s (10" cm?/Vs) 2.4 2.1 2.5 2.2 3.0 2.1
D (10%cm?/s) 1.2 0.9 1.2 1.0 15 1.1
sistently. Likewise, the uncertainty in transport parasret 08 F

(such asD), will not affect the relative values af;, 7so and

7, either. Hence reliable information can be drawn from the_~
comparative trends related to the RE ion and under varyin 'a
T, although absolute values for the scattering times canmot £~
quoted to better than 30%. Figures 6 and 7 contain the expe '«° o4 |
imental results, presented as scattering rates as funaftién
(with associated error bars). The modification of the scatje
rates due to the presence of the RE ions is assigned predol 0.2 (a) Sm™
inantly to the single-subband surface electrons and ndteo t .
bulk electrons, since the proximity of the surface elecirtin 08 F
the surface local moments enhances the interactions. The A *k * *

analysis also proceeds under the approximation that we me — *x
neglect the AL contribution from the bulk layer without iotr F‘g
ducing substantial distortion of the results. This appread ~—
tion rests on the fact that SOI in the bulk is small compared tc¢ «* 0.4 |
the strong Rashba SOl at the surface, and hence the bulk co
tribution to the AL signal is expected to be smaller than the

2z & 4 :
&X X

0.6
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z. " bare mesa
SO ‘l

> D> »
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7 both mesas
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SO I
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*

I : ; 02 | %
surface contribution. Moreover, the twin-mesa compaeativ (b) Gd® ' both mesas
approach (bares covered mesas) emphasizes the difference L L i —
) ) ; . . 08 F T T T T
in AL signal due to RE ion coverage, a difference likely to i
be dominated by the surface contribution. In the AL analy- X i §

sis we have also neglected the electron-electron scagteen o6 |

tween surface and bulk electrons, because an upper bound{ '»
. h ! o

the electron-electron scattering ratg' can be estimatédito > gp ©

lie in the ranged.3 x 10'° s7'< 7.1 < 5 x 101° s7! for w804

0.4 K< T <5 K. The rater,.! is thus expected to be about

an order of magnitude slower than the other scattering,rate:

<
Too covered mesa

7 bare mesa
TSO

10" s7l< 77t < 1012 57! (o = 4,50, s), and neglect of 0.2 (c) HO™ © ' both m;sas
electron-electron scattering, especially between dhaseap- 0 y 3 3 4" s
arated surface and bulk electrons, is justified. T(K)

Figure 6 shows th&" dependence o;fl.‘l, adopted as com-

. . L, .
mon for both bare and RE ion-covered mesas. The line |G 6: Different scattering rates, - (a = SO ori)vs T for (a)

_ . . X X . aérﬁ’*(triangles) sample; (b) Gd (stars) sample; (c) Ho (circles)
dependencei ' ~ Tis COI’]SIStent.WIth .domlnant Nyquist sample. In all the graphs solid symbols stand fgg of the ion-
deC_OherenC?é arising from fluctuations in the electromag- covered mesa; open symbols standfgp, of the bare mesa; half-
netic background. The spin-orbit scattering rafg increases  solid symbols stand for, ! of both mesas, sharing the same value.
in the presence of RE ions, as comparison in Fig. 6 demorsolid lines form guides to the eye. Error bars are indicated.
strates. SOl 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 proximitydiea

ing to the observed experimental result. The increase b . _ , ) .
adatom coverage has been observed in metals sys@mds €rences in relative magnitudes of the increasesj depen-

has been proposed as a means of increasing the average SOfif/"t On RE ion, are the result of several competing effeds an
low-SOI systems like grapheffe Figure 6 indicates that for MUst be relegated to future study.

both bare and covered mes%% is not stronglyZ’-dependent Figure 7 indicates that the spin-flip ratg® is strongly in-
within the experiment range df, consistent with previous fluenced by the type of RE ion deposited. A magnetic inter-

iscussion®. The residuall’-dependence, and the small dif-
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' ' the B applied normal to the sample is expected to be neg-
0.15 _H i i i ligible. The fraction of the RE ions aligned along the ap-
plied B can be calculated ag = gJupBj(x)/pess, With

x = gJupB/(kpgT), and withg the Landé factorB;(z) the
Brillouin function andk s the Boltzmann constant. In the ex-

0 + .
‘_9,- 0.10 } A sm’ coverecll mesa perimental range analyzed for AB/T reaches 300 G/K, at
o Y Gd** covered mesa T=0.4 K andB=120 G. A maximal paramagnetic alignment

f of 0.32% is then expected for Sm, 5.2% for Gd™*, and

Ho® covered mesa .
o 7.2% for H®*. The effect of the alignment on the average

0.05 : A A . A | spin-flip rate can be calculated by considering the fracfion
1 ot 2 of aligned spins and multiplying the rate 5y (S + 1) for this
T7(K™) fraction. From this calculation, when lowerifigfrom 5 K to

0.4 K paramagnetic alignment is expected to redticeby a
FIG. 7: The spin-flip rate-; ! of ion-covered mesass 7/2. Solid  factor of 0.999 for S, of 0.988 for Gd™*, and of 0.976 for
lines form guides to the eye. Error bars are indicated. Ho®+. The relative reduction in! due to any paramagnetic

alignment during the experiment is thus small, and below the

measurement threshold for all RE ions. Moreover, fofHo

actiono - S between local RE momengand electron spins @ complete alignment due to spin-glass formatiofi'at 0.4

o hence exists, wher® denotes the total spin of the RE ion K starting from a free-spin case&t= 5 K would lead reduc-

4f electrons. The presence of the interaction is borne out ifion of 7, ! by a factorS/(S + 1) = 2 on cooling from 5 K

Fig. 7 by the influence of the ions arr'!, showing a modi- 10 0.4 K. Yet, the experimentally determined ratio of thenspi
fication of the electron spin states in the presence of the REip rates at 0.4 K£; ! = 0.067 ps') and atT’ = 5 K (7,

ions. Snit, G+, and HA differ in the magnitude of the = 0.16 ps!)is 0.42, a stronger reduction than the maximal
spin-flip rate they impart, as well as its dependencelpn Spin-glass case can account for. Hence, whereas no conclu-
properties which will be discussed below. Free from a subSion can be drawn about spin-glass formation for*Srand
strate the RE ions are characterized by paramagnetic beha@d’", for Ho’* spin-glass formation is unlikely to lie at the
ior with effective magnetic moments due to partially filletd 4 origin of our observations.

shells. The effective momenis.;; are expressed in Bohr  The dependence ! ~ Tz we observe for InAs electrons
magnetons(z), with Sm** having s = 1.5u5, G interacting with H3*, was also observed in Kondo systems
having iess = 8.0up, and H3™ having ey = 10.4pp.  below their Kondo temperaturd’(), formed between itin-
The spinS, orbital L and total angular momentum quan- erant electrons and local impurity momefi$ At low T’

tum numbers/ of the RE ions in their ground state are as a single Kondo impurity forms a spin-singlet state with sur-
follows, following Hund's rules: St hasS=5, L=5 and  rounding electrons within a Kondo cloud. Bel& the mo-
J=2; G+ hasS=1, L=0 andJ=I; Ho*" hasS=2, L=6  ment of the magnetic Kondo impurity is screened by the elec-
and.J=8. One may expect paramagnetic behavior to be maintrons, and spin-flip scattering is then increasingly sugged
tained on a substrate, since the 4f shells are partialljddde as7' is lowered belowl’x, while reaching a maximum at
by the outermost s and p shells and crystal field effects willl'x 16183334 The present experiments are limitedZo< 5
hence be small. However, the magnetic moments of the REK due to the requirement of quantum coherence for the AL
ions may still be locked to specific orientations by intei@ct — signal. However, from the monotonous decrease;ih with

with the substrate atoms, or by Rudermann-Kittel-Kasuyadecreasing’ we deduce that if Kondo physics is indeed ac-
Yosida (RKKY) interaction$?425 leading to spin-glass be- tive, then the data indicaf&; > 5 K. However, in oun-InAs
havior. Both a paramagnetic system or a spin-glass lead teystem the low electron density and comparatively dense ion
spin-flip scattering. To identify which of the two is occugin  coverage, the high spin from the underscreened RE ions, and
on the InAs surface, we have to ascertain how respectivelthe strong SOl exclude such a higil > 5 K. The observed’
paramagnetic behavior arid—dependent spin-glass forma- dependence of; ! in the HO** case can thus not be explained
tion influencer;!. Spin-glasses can occur with the axes ofby the formation of a Kondo system.

the moments distributed isotropically (Heisenberg spass), An origin for ther; ~ T% observed for InAs electrons in-
or aligned parallel or antiparallel (Ising spin-glass) danthe teracting with H§+ may lie in the large number of low-lying
present case of strong spin-orbit scattering(< 7, ") how-  energy levels generated by the incompletely filled 4f levels
ever, both spin-glasses are predicted to lead to the same-red of RE jons, leading to characteristically dense energytsaec
tionin7; ! by S/(S + 1) compared to the free-spin c&%€.  For triply jonized RE ions, crystal field effects typicallp d
For Sm¥* and Gd ™ Fig. 7 shows a; ! independent of". not lead to a major rearrangement of energy lé¥elnd rel-
The higher spin-flip rate observed for &dcorrelates with its ~ evant energy levels can thus approximately be identifieah fro
higher moment (8.0, compared to 1.5 for Sm?T). For  Ho?*t spectra in various solid-state environments. The exis-
Sm*t and Gd* we observe n@—dependence in the data, tence of spin-flips in the electron system implies a change in
and hence no conclusion can be drawn about spin-glass b&-for the RE ion. We thus want to identify transitions from
havior. Folr Hd* Fig. 7 shows a dependeneg! ~ T"  the’lg ground state of Hb" to states of differens, within

with n ~ 5. We note thaparamagnetic alignment due to kg7 ~ 0.5 meV from the ground state at our measurement
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temperatures. The 4f electrons in RE ions form multipletsshould also be consider&d®-32 particularly again for H&"
arising from SOl following the Russell-Saunders approxima due to the large value for its nuclear magnetic moment (in
tion, with splitting between multiplet levels ofL - S, where  nuclear magnetons: 4.01 for Ho, compared to -0.21 for Sm
A is the SOI constant for particuldr and S in the RE ion. and -0.11 for Gd averaged over their isotopes). A splitting
The multiplet levels are characterized by &alue with 5+1  of ~ 1.5 meV has been quot&in range for thermal exci-
possible values. The energy difference between the groun@tions in the present experiments although the precisesval
state®lg and the next multiplet membét;, is however 626  will depend on environmental factors. An exact quantigativ
meV?8 > 0.5 meV, andlg and®l; share the sam§=2 value. assessment of the transitions responsible for our exparime
The excited multipletKs state of H§™ however, situated 5.1  tal observation that;! ~ T'z for electrons interacting with
meV above’ls, can answer the criteria for thermally excited Ho3+ cannot presently be deduced from the data. It is sig-
spin-flip transitions, especially if the levels are furtsplitor  nificant however that the AL measurementrgf! identifies
broadened due to proximity to the InAs surface. In previousa pronounced” dependence for Hg', and a higher spin-flip
work®®3tit has been noted that the ground stétehas sub-  rate for G+ than for Sm*, as these results are indeed borne
stantial admixture oKy states, reinforcing the possibility of out from their magnetic moments and energy level spectra.
transitions mediated by InAs surface electrons, with agzam

nying spin-flip. We note that, compared to Ho Sm** has a In conclusion, using antilocalization measurements we ob-
loW pie sy = 1.515 Which will reduce the spin-flip rate, while - serve spin interactions between two-dimensional elestron
Gd™* hasL=0, suppressing the splitting due M. - S, and 4t the surface of InAs and local moments from rare earth
hence has a spectrum characterized by a largé €V) gap  jons Snit, Gd**, and H&+ deposited on the surface. The
between its'S; ground state and the next excited state. Aparineasurements provide the magnitude and temperature depen-
from multiplet level splittings, H&" is susceptible to other dence of the spin-flip rate, the spin-orbit scattering rate
mechanisms leading to finer level structure. From thetifeti the inelastic scattering rate of the InAs surface electias

of resonance levels, it is known that coupling between atyst modified by the rare earth ions. The experiments show that
electric fields and the hydrated salts of the outlying laniti@  the strength of the spin-orbit interaction can be modified by
ions such as HY', is higher than for mid-series lanthanide the proximity of rare earth ions. We also demonstrate an ac-
ions (here particularly Gt but also Smt)?72°. The higher  cordance between the modified surface electron spin-figsrat
coupling to the environment for o may lead to an electric and the rare earth ion energy level structures and magnetic
Stark splitting of levels into 2+1 closely spaced levels, with  moments. The authors thank K. Park and T. Dietl for useful
a spacing sensitively dependent on the magnitude and syndiscussions. This work was supported by the DOE through

metry of the environmental electric field. Hyperfine spiigfi
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