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ABSTRACT

Lack of inversion symmetry at a metallic surface can lead to an observable spin

Au(111) surface, the experimentally observed spin ~ —orbit coupling results in

—orbit interaction. For certain metal surfaces, such as the
spin rotation lengths on the order of tens of nanometers, which

is the typical length scale associated with quantum corral structures formed on metal surfaces. In this work, multiple scattering theory is used

to calculate the local density of states (LDOS) of quantum corral structures com
coupling. Contrary to previous theoretical predictions, spin
should be observable using scanning tunneling microscopy.

posed of nonmagnetic adatoms in the presence of spin —orbit

—orbit coupling induced modulations are observed in the theoretical LDOS, which

In the presence of time reversal symmetg(K!) =
E(—kJ)] and spatial inversion symmetriz(k,}) = E(—k1],

no spin splitting can exist becauBé,!) = E(k,}). At a metal
surface, however, spatial inversion symmetry is violated, and
a spin splitting can therefore occur, i.E(k,") = E(k}). The
spin—orbit coupling in surface states was first observed by
LaShell et at on the Au(111) surface using photoemission
spectroscopy. The form of the spiorbit interaction was
found to be similar to the Rashba spiarbit coupling?
which has been heavily studied in semiconductor hetero-
structures and quantum wells. Additional experiméritahd
theoretical™” evidence have confirmed the presence of
significant spir-orbit coupling on the Au(111) surface.
Although such a spin-splitting should, in principle, occur on
all surfaces, the magnitude of the spin splitting depends very
strongly on the nature of the surface. For instance,-spin
orbit coupling has never been observed on either the Ag-
(111) or the Cu(111) surfaces. This is due to the fact that
the magnitude of the spirorbit coupling is determined
largely by the atomic spinorbit coupling and the gradient
of the surface state wave function at the nucléthgoretical
calculations, which accurately predict the observed -spin
orbit coupling on the Au(111) surface, predict the spin
orbit coupling on the Ag(111) to be a factor of 20 smaller
than the spir-orbit coupling on the Au(111) surfaéé well
outside the range of current experimental observation. In
addition to the Au(111) surface, photoemission experiments
have discovered a variety of other metallic systems with
spin—orbit coupling, such as on the Bi surfaceshich
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exhibit an even larger spirorbit coupling than that found
on Au(111).

Although most experimental observations of spambit
coupling in surface states are from photoemission spectros-
copy, scanning tunneling microscopy (STM) has been used
to observe spirrorbit interference in a magnetic sanbéad
in nonmagnetic systems with very strong sparbit coupling
such as on the Bi(110) surfd€end in Bi/Ag(111) and Pb/
Ag(111) surface alloy$' However, previous theoretical
work® has argued that scanning tunneling microscopy (STM)
could not be used to observe the sparbit coupling in
surface states; this argument was based on the assumption
that the trajectories that interfere at the site of the STM tip
are all one-dimensional in nature. Such trajectories do not
undergo any net spin rotation, which results in the same
standing wave pattern found in the absence of spitit
coupling. While the above argument is certainly true for the
case of scattering from a single nonmagnetic adatom,
trajectories involving multiple scatterers will undergo a net
spin rotation, which will lead to spinorbit induced modula-
tions of the local density of states (LDOS), which should be
observable using STM.

Multiple scattering trajectories have been sh&wi to
be important in understanding the standing wave patterns
observed in the LDOS for step edgés$or quantum corral$
formed by placing adatoms atop a noble metal surface, and
for quantum mirages generated by a magnetic adatom placed
inside a quantum corra®:'” Previous experimental work has
been conducted for quantum corrals on either the Cu(111)
surfacé®'” or on the Ag(111) surfac®, where the neglect
of spin—orbit coupling, as stated above, is completely
justified 3¢ However, this would not be the case for quantum



(A) (B) plotted in Figure 1A forkx = O, where the spin states are

|+(0)(= |+Gi for the band centered & = kso and|—(0)O
E = = |-k for the band centered & = —kso. The full two-
~ R(6,-B,—0) dimensional dispersion curve in thg—ky plane can be found
R(6.8.-6) by simply rotating the dispersion curve in Figure 1A using
No Net s;% Rotation E:xp(—lethz) exp(ifl26;), wheref € [0,7) andLz is the
z-component of the angular momentum operator.
In an STM experiment’ the bias voltage between the tip
Ri6.1.-5) R(5,-7,-5) and the surfacey, can be changed in order to probe the
O s OO — . .
= \’\3 2 C; local density of states at an enerfgy+ eV (whereEg is the
‘%\ V;@ % ;Q'“ Fermi energy of the metal) by measuring the local conduc-
= ) o tance, (d/dV)(Er + eVir) because (ddV)(Er + eVir) O
Net Spin Rotation LDOS(Er + eViF), where LDOSEF) = Sos 3, F,qW,0

Figure 1. (A) Dispersion curve projected alorng = 0 in the (W, .qé(E — E,). Thus, to calculatg the STM image, the
presence of spinorbit coupling. The normal parabolic dispersion LDOS('_EF_ + eVF) must be determmEd- One m6th°d of
relation has been split into two parabolic curves, centered dgout determining the LDO$e + eVjr) is by calculating the

= +kso, With the band edge occurring at an energyeef— Eso. Green'’s function(.(F1,F»,Er + eV), and using the following
Note that the spin state is-(0)d= |+ for the parabolic band relationship:

centered aky = +kso and |—(0)0= |- for the parabolic band

centered aky = —kso. (B) For a single scattering trajectory, spin

orbit coupling cannot generate a net spin rotation becR(38,— LDOS(E: +eViT) =
0)R(0,—p,—0) = 1. However, for noncollinear multiple scattering i A~ A
trajectories, a net spin rotation can occur becaR@&-+p,—0) ETraC%pirIG+(rlr!EF +eV) — G_(F,T Ec+eV)] (2)

R(0,+y,—0)R(,+4,—8) = 1.

Thus knowledge of the Green’s function can be used to
calculate the expected STM signal.
The free-particle Green’s function in the presence of

Rashba spirrorbit coupling and folE >E; — Egp is given
y:20,21

corrals formed on the Au(111) surface. In this work, multiple
scattering theory in the presence of sporbit coupling is
used to calculate the expected change in the LDOS for
quantum corrals formed on surfaces with significant spin
orbit coupling such as Au(111). Numerical calculations
performed for both a circular and a stadium quantum corral .
formed from nonmagnetic adatoms demonstrate that-spin Cu(FyTE) =
orbit couplin_g can lead to observab_le_ change_s in the LDOS. - m* Gi(E,rlZ) +i exp@@lE)Gi(E,rlz)
Understanding the effects (_)f sptorbit |_nduced interference AkR2 \ i eXp(_ielz)Gi(E-rlz) Gi(E,rlz)
on metal surfaces will be important if such systems are to
be used for future spintronics applications.

The effective Hamiltonian for a surface state in the
presence of the Rashba spiorbit interaction is given by:

®3)

Whererlz = |T1 - T2|, eXp(ﬂ:ielg) = [(?1 - Tz)‘y + |(?1 -
TR/, GUErn) = kiHg(kiri) + keH3(kri2), and
NP G3(E.r12) = kiHi(kir2) — koHE(kor12). Note thatk, <0 for
= Px Py T - NP @ energiesEy — Eso <Er + eV <Ey, so that in this energy
range,Hx (kor12) = (—1)"H(|ksr1) in eq 3. This results

in a change in the LDO&¢ + eVir) whenEy — Eso <Ef +
wherent is the effective masay is the spir-orbit coupling eV <Ey for Er + eV =E,, the free particle LDOR«Er +
strength, andk is an energy offset arising from the confine-  eVF) is independent of energy and is given by LDQSEF
ment of the electron to the surface. The eigenstated of + eV[F) = m*/(7h?), whereas foE; — Eso <Er + eV <E,
with energyE are given byWi(f) = exp(ki(E)-T)|+(¢)0 the LDOSEr + eVy) is dependent upoir + eV and is
andW(F) = exp(ko(E))| —(¢)L)where the spin quantization  given by LDOSedEr + eVif) = m*/(7h?) x ksok. This
axis for |+(¢)U depends upon the momentum vector, change in the LDO&e has been recently reported for STM
kie((E) = ku)(E) (Cos@)X + sin(@)y), whereky(E) = kso + measurements on Bi/Ag(111) and Pb/Ag(111) surface al-
K(E) andky(E) = —kso + k(E), with kso = m* a/h? andk(E) loys1t

= \/(kso)2+2m*(E—Eo)/h2(f0r convenience, the energy de- To gain more physical insight into the transport between
pendence ok, ks, andk will not be explicitly written from 71 and T2, G5 (FiT2E) can be rewritten in terms of a
now on). For a given value af, the spin states are-(¢)0 complex amplitude multiplied by a “complex” rotation:

= («/E)‘l(|+E + exp(—i¢)|—3), where |+[2 are eigen-
states ofrz. Because of spinorbit coupling, the dispersion
relation, E(k) = A?|kjZ2m* F alk| + E,, consists of two
parabolic bands centered abadthse, with the bottom of the (4)
bands occurring at an ener@s — Eso (Where Esp = h?
Ké2m*) instead of at energ¥,. The dispersion relation is ~ wherebb.(E, ri) = \/[Gi(E,rlz)]2+[Gi(E,r12)]2, R(a,3,7)
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20 1 = . m* ~[012 01,
GS:(I’ l,rz,E) = :F|4Thzbbi(E,r12)R(7,izi(E,rlz),— 7)




= exp(aoz) exp(fox) explydz) is an arbitrary rotation
operator with Euler angles, 8, andy, andz.(E,r1y) is a
complex angle thar is defined by cas(E,r12)] = Gi(E,rlz)/
bby(E,r12) and sing.(Eri2)] = Gi(E,rlz)/bbi(E,rlz). Note
that for a trajectory which goes fror to 7, and then back
to T2, No net spin rotation occurs becauS¥(F,F1)G. (F1,F2)
0 (bb.(E.r12))R(01/2 42.(E 1), ~ 01d2)R(0192 F2:(E 112),
—6122) = (bb.(E, r1))1.

for Er + eV > Ep, and as:

ALDOS(E, + eV,T,) =

Vkalksl (m*

2 _ . ) _
Rzroj g) (cos(Xry) Im[q*] + sin(xry) Re[q*]) (9)

2

for Ep — Eso <Er + eV <E,. Therefore, there exists a change

In the presence of multiple adatoms, the total Green’s N the ALDOS whenE, — Eso <Er + eV <Eo due to spir-

function can be significantly altered fro®(¥,, T,,,E) due

to the interference between the various multiple scattering

trajectories. The total Green’s function in the presench of

nonmagnetic adatoms/scatterers can be approximated as:

Gi(?l’?Z’E) =

N
GY(T,T,E) + Z GLU(T T, B)§ GL(T,T,E) (5)
pA

where%ﬁ is the “s”wave scattering amplitude, which is
given bygi = h?m*[exp(£2i9;(E)) — 1], with 9;(E) being

orbit coupling, which is similar to the change observed in
the LDOS. described earlieft For the case of a single
nonmagnetic adatom, this change in theDOS would be
the only way to detect the presence of spambit coupling
because the period of the spatial modulation inAh®O0S,

2k, can only be used to determine the effective energy of

the surface state electrok, = ,/2m*E,/h°. Spin—orbit
coupling only shifts the effective bottom of the band from
Eo to Eg — Eso, SO measurement &fcannot, by itself, help

to determine the presence or absence of-spibit coupling.
The physical reason why spiiorbit coupling does not affect
the LDOS in the presence of a single adatom is that, for
single scattering paths returning to the STM tip, no net spin

the scattering phase shift. In writing eq 5, the scattering (qiation can occur, as shown in Figure 1B. This was the
length of each adatom was assumed to be much smaller thaReasoning used to argue that STM could not be used to

27/k (justifying the “s™-wave approximation) and the spin
rotation lengthsz/kso, which allows one to associate the same
scattering amplitude for both tHe andk, scattered waves
(see for example eqs 3383 of ref 20). The unknown values
of the Green’s function at each scatteneG..(F,F2,E), can

be found by setting; =T, in eq 5 to give:

A

Gy(FnToB) =
GLUT,T2E) + Y GLUF,FLEF G(T;TLE) (6)

JZn

This results in a system ofNlequations that can be solved
via a simple matrix inversion. With knowledge @£ (7,,7>,E)
for each scatterem, the total Green’s functior.(f1,r2,E)

observe spirorbit coupling for a surface state-owever,
in the presence of multiple adatoms, multiple scattering
trajectories can generate a net spin rotation (Figure 1B),
which allows the spirorbit coupling to affect the LDOS
in a nontrivial manner. As mentioned earlier, such multiple
scattering trajectories are important in understanding the
observed LDOS in quantum corrals formed atop noble metal
surfaceg? 4

For the calculation of the LDOS on the Au(111) surface,
the following parameters were ustdy = 0.26m. andEr
— Eo = 0.41 eV (ref 22), a spinorbit coupling constant of
o =4 x 10 eVm (which is 10% smaller than the value
given in ref 4 and 21% larger than the value given in ref 1).
These parameters give a Fermi wavelengtiof 21/k =
37.4 A and a spin rotation length aflkso = 230.5 A. It

in eq 5, is determined, thus determining the LDOS by using should be noted that this spin rotation length is about an

eq 2.

order of magnitude smaller than the attainable spin-rotation

Consider first the simple case of a single nonmagnetic lengths in semiconductor heterostructures, which is mainly

adatom placed atop a metal surfacé;afhe total Green’s
function in this case is given by:

G (T T,E) = GUTL,T,E) + ﬁ]iéoi(?lf,-.E)Goi(ﬂTz-E()?)

which results in a change in the LDGSX) of ALDOS(E, o)
LDOS(ETo) LDOSxedE;Fo) 2/m(m*/4kh?)?
Im [§+(b+(E,roj))2], which, for krg > 1 can be approxi-
mated as:

ALDOS(E, + eVF,) =
klk2
Krg
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(ﬁﬂhz)z (cos(&r,) ReR ] — sin(zry) Im[3']) (8)

attributable to the larger effective mass of the surface state
electrons.

In the following calculations, all adatoms were modeled
as “black-dots*? whered(E) = i due to inelastic scattering
of electrons into the buf (modifications of the theory for
treating the adatom scattering as purely el&stian also be
performed too). In the simulations, each nonmagnetic adatom
was placed on a hexagonal lattice at a positiena/2 ((by
+ by) X+ V3 (b1 — b) 9), wherea = 2.885 A for Au(111),
andb; andb; are integers chosen to minimige— 4|, where
Tq is the desired location for each adatom. It should be
mentioned that a hexagonal lattice is a simplified model of
the actual Au(111) surface, which undergoes a herringbone
reconstructior#®> Such a reconstruction acts like a superlattice
for the surface state electrons and modifies the electron
density; however, such a reconstruction has minimal effect
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on the spir-orbit coupling as has been demonstrated by
theoretical calculatiofs” and is not considered in the
following simulations.

To illustrate the effect of spinorbit coupling on the
resultingALDOS(E,T), simulations with and without spin
orbit coupling were performed at slightly different applied
voltages but with the same effective energyy, in order
that both simulations gave the same period in the spatial
oscillation of theALDOS (E«,F) in the presence of a single

adatom, R = 2 ,/2m*E./h® . For example, itV was the
applied voltage used in the simulation in the absence of
spin—orbit coupling, then the applied voltage in the presence
of spin—orbit coupling,V', would be given byeV = eV —
Eso=eV— 2.7 meV, withEet = Er — Eg + eV=Er — Eg
+ eV + Eso. To consider only the contributions of spin
orbit to the ALDOS arising from multiple scattering trajec-
tories, effective energie&es = Eso, were only considered
in order to avoid the intrinsic change in tidd DOS when
0 < Eex < Eso. Note that for the case of the Au(111) surface,
this intrinsic change in th&LDOS should in any case be
unobservable becauggo = 2.7 meV is much smaller than
the lifetime broadening of 18 meV.

Simulations were first performed on a circular quantum

corral of radius 88.7 A composed of 60 nonmagnetic adatoms

placed atop a hexagonal lattice The calcul&ie®OS (Ef,0)
at the center of the corral is shown in Figure 2A as a function
of Ee in the presence (solid curve) and in the absence
(dashed curve) of spinorbit coupling. TheALDOS (Ee,0)
without spin-orbit coupling has been shifted down for
convenience. A very simple “particle in a box” motfedan
be used to interpret theLDOS(E.,0) in Figure 2A: in the
absence of spinorbit coupling and treating the quantum
corral as a circular billiard with radiuR = 88.7 A, the peaks
in the ALDOS(E.#,0) mainly occur wherk¢ is equal to an
eigenenergy of the circular billiardes = E, = A%(Kn0)%/
2m* where kno is given by the solution tdy(k,oR) = 0.
This simple model predicts the peak locations in the
ALDOS(Ee#,0) to within 10 meV for the first four peaks
shown in Figure 2A.

A similar model can be applied to the case of a circular
billiard with spin—orbit coupling. In this case, the eigenstates
can be written as:

W, +(T) O expfmo)

M=y ‘]m(krlmmR) n,m—
3, (KT ) ) I (KT )
: : meny . InKIR) s
—i exp(-io) (Jml(k'f Ir|)+Jm(T:,mR)Jmﬂ ("IT1)
(10)

which have an effective energy (shifted byEso for

comparison to the simulations without spiarbit coupling)
given byEes = A%(K;™ + ky™?(8nm), which is determined
by the condition:

In-1(K"RI(GMR) + I (KR, (K™R) =0 (11)
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Figure 2. ALDOS(EY) for a circular quantum of radius 88.7 A
composed of 60 nonmagnetic adatoms, which are modeled as
“black-dot” scatterers(E) = i). In(A), the ALDOS(E.,0) is
plotted at the center of the corral as a function of the effective
energy,Ex, with (solid curve) and without (dashed curve) spin
orbit coupling. The dashed curve has been shifted downward for
convenience. Note th&i.« can be converted into a bias voltage by
using either—eV = Er — Ey — Ec (dashed curve) oreV = Er

— Eo + Eso — Eet = Er — Eg — Eert + 2.7 meV (solid curve),
whereEr — Eg = 410 meV for the Au(111) surface. The following
parameters were used in the simulation* = 0.26m, ando. = 4

x 10711 eVm. The peaks in thA\LDOS(Ee,0) occur whenEe
roughly corresponds to eigenenergy for a circular billiard with (solid
curve) and without (dashed curve) spiorbit coupling. A small
peak (shown in the inset) in thel DOS(Ee,0) atEes ~ 31 meV
corresponds to an eigenstate of the circular billiard with spin
orbit coupling that is mosthyd,(k[f|) exp( £i6f) in character but,
due to spir-orbit coupling, does contain sondg(k[f|) character,
which can contribute to thALDOS(E.,0). In (B) and (C), profiles

of the ALDOS(Ee,F) through the quantum corral (the adatoms are
denoted by the black rectangles) with (solid curve) and without
(dashed curve) spinorbit coupling for (C) the second main peak
in the ALDOS(Ee#0) [Eex = 60.4 meV (without spir-orbit
coupling) andE.x = 58.7 meV (with spin-orbit coupling)] and

for (B) the third main peak in thA\LDOS(Ee,0) [Eerr = 145.8
meV (without spir-orbit coupling) andEe = 144.1 meV (with
spin—orbit coupling)]. In both cases, substantial differences in the
intensity of theALDOS(E.«,I) are observed, where the presence
of spin—orbit coupling can either enhance th& DOS Ee.1) (C)

or decrease thALDOS(E.«T) (B).

The solutions to eq 11, which can have nonzero amplitude
at the center of the circular billiard, the degenerate states
W, o) and W,4(r), essentially come in two types of
eigenstates. The first type occurs at ener@igs which are
only about +2 meV smaller in energy than for the
eigenstatesy(k.o[F|) in the absence of spirorbit coupling.
These states, although possessing sdi(ier|) exp( i)
character, are mostl(k[r|) in character, which leads to large
peaks in theALDOS(E.,0) at slightly lower energies than
the corresponding peaks in the absence of -spibit
coupling. The second type of eigenstate determined by eq
11 occurs at energies in between the aforementioned energies.
These eigenstates, which are closely related toritre +1

Nano Lett, Vol. 7, No. 11, 2007
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Figure 3. (A) Simulation of theALDOS(E.T) for a 78 adatom quantum corral stadium billiard of width 141 A and length 285Bat

= 410 meV, with (left) and without (right) sptorbit coupling. Although the general features are similar, inclusion of-spihit coupling

can enhance or diminish features in theDOS along with introducing additional peaks in th& DOS. This can be more clearly seen in

(B), where a slice through the center of the stadium along its long dimension has been plotted withrisipi¢solid curve) and without
(purple dashed curve) spiorbit coupling. The black rectangles indicate the locations of the adatoms through the slice. Besides differences
in peak intensity, a splitting of thALDOS occurs at the center of the stadium with spimbit coupling (peak-to-peak distancesi8 A,

which is absent when spirorbit coupling is not included.

eigenstates in the absence of spimbit coupling,J +1(k[F]) positions of the adatoms in the slice. Note that, in the
exp(=£if), possess a small amount&fk|r|) character due  simulations, theALDOS(E.#,F) is never calculated within 6

to spin—orbit coupling, which can lead to new, albeit small, A of the adatoms. As the electron bounces around in the
peaks in theALDOS (Ee#,0) at these energies. The small peak corral, it undergoes an effective spin rotation due to spin

in the ALDOS(Eett = 31meV,0) (and more clearly shown in  orbit coupling, which modulates the interference patterns seen
the inset in Figure 2A) corresponds roughly to such an in the quantum corral, resulting in an enhancement (Figure
eigenstate, which, for the circular billiard with spiorbit 2C) or a decrease (Figure 2B) in tidd DOS(E.#F) near
coupling, has an energy & = 29.1 meV. the edges of the corral.

Besides the small shift in the peaks of tReDOS(Ee#,0) Besides the circular corral, another corral simulated in this
and the small peak & = 31 meV, the observed difference work was a 78 adatom stadium billiard of dimensions 141
in the ALDOS(Ee,0) with and without spir-orbit coupling A x 285 A, where the adatoms were again placed atop a
is relatively small. However, thLDOS at other places  hexagonal lattice. Figure 3 gives th& DOS(Ee,) with and
inside the quantum corral can show considerable differenceswithout spin-orbit coupling for roughly zero bias voltage
when spin-orbit coupling is included. A slice of the between the tip and surface, i.&q = 410 meV. Calcula-
ALDOS(Eet,F) through the quantum corral is shown in Figure tions performed at differenEe gave similar results (data
2B,C for the (C) second peak WLDOS(Ee#,0) [Ec = 58.7 not shown). As for the circular corrals, ti.DOS (Ee,T)
meV (solid curve) andEe; = 60.4 meV (dashed curve)] and  was artificially set to zero withi 6 A of each adatom, which
for the (B) third peak iALDOS Ee#,0) [Eer = 144.1 meV makes the adatom positions clearly visible in Figure 3A.
(solid curve) and=e = 145.8 meV (dashed curve)], where Although the general structure of teLDOSEcx,F) with
the black rectangles centered-e88.7 A correspond to the  and without spir-orbit coupling appears similar, spiorbit

Nano Lett, Vol. 7, No. 11, 2007 3381
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