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Spin polarization of the L-gap surface states on A(l11)
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The electron spin polarizatiofESP of the L-gap surface states on Aill) is investigated theoretically by
means of first-principles electronic-structure and photoemission calculations. The surface states show a large
spin-orbit induced in-plane ESP which is perpendicular to the in-plane wave vector, in close analogy to a
two-dimensional electron gas with Rashba spin-orbit interaction. The surface corrugation, i.e., the in-plane
asymmetry of the surface potential in th&1 unit cell, leads to a small ESP component normal to the surface.
The surface-state ESP can be probed qualitatively and quantitatively by spin- and angle-resolved photoelectron
spectroscopy, provided that the initial-state ESP is retained in the photoemission process and not obscured by
spin-orbit induced polarization effects. Relativistic photoemission calculations provide detailed information on
what photoemission setups allow one to make conclusions from the photoelectron ESP about that of the surface
states.
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[. INTRODUCTION In analogy to a 2DEG with Rashba interaction, the spin
polarization of theL-gap surface states is assumed to lie
Spin-orhit coupling(SOQ is one of the fundamental ef- Within the surfac% plane and to be perpendicular to the in-
fects in condensed-matter physics. It manifests itself in replane wave vectok, .1 Further, the split surface states should
moving degeneracies in the electronic struct(sgin-orbit-  Show an opposite spin polarization. Although theap sur-
induced band gapswhich, for example, leads to the face states exhibit spin-orbit induced propertes excel-
magnetic anisotropy in magnetic systems. Besides electronl€Nc€ their spin polarization was to our knowledge not in-
states in the bulk, surface states can become split by SOC ggstlgatgd |nadeta|l, neither theoretically nor experlmentally.
well. This was shown in a pioneering photoemission inves’robed in ak-resolved manner, for example by Sp'”'ga”d
tigation by LaShellet al.: they found that thé_.-gap surface ang_le—resolvgd photoelectron - spectroscofFPARPES, .
states on AWL1) are split(in binding energy and in-plane their properties should show up unobscured by bulk transi-

~ i ) tions because they are located in a bulk band gap. However,
wave vectork), and attributed this effect correctly to SAc.

d . ; _ the spin polarization of the initial statghotohole is not
Later, Petersen and Hededeonfirmed this explanation by necessarily that of the photoelectron, in particular if spin-

means of tight-bind_ing calculatiodsThese Shockley surface gpit coupling is strongZ =79 for gold. Therefore, the in-
states are located in a bulk band gap which opens up alongrpretation of spin-resolved photoemission spectra can be-
theI'-L direction(i.e., along[111]). Being derived fromsp-  come complicated due to the various spin-polarization
bulk states, they show an almost perfect free-electrorffects(SPEs; for atoms, see Ref.)1®r stated differently:
dispersior? Since the splitting is also present in the otheron one hand, SOC produces the splitting and the spin polar-
noble metals, comparative studies on thgap surface states ization of the surface states. On the other hand, it may pre-
in Cu, Ag, and Au were performed by fher’s group using vent one from probing the latter by means of SPARPES be-
high-resolution photoemissidn® (for topical reviews, see cause of the SPEs.
Ref. 7 and especially Sec. 8.2 in Rej. §he photoemission The purpose of the present paper is twofold. Fies,
results for Au were further corroborated experimentally byinitio electronic-structure calculations provide detailed infor-
Fujita et al. using Fourier-transform scanning tunneling mation on the properties of thegap surface states, in par-
microscopﬁ For hydrogen-covered W10 surfaces, the ticular on their dispersion and spin polarization. These re-
spin-orbit splitting of similar surface states was also foundsults are compared to those for a two-dimensional electron
by angle-resolved photoemissiththeir predicted spin po- gas with Rashba spin-orbit interaction. Second, we address
larization being confirmed recentty. the question whether and how the surface-state spin polariza-
The L-gap surface states can be closely related to eledion can be probed by SPARPES. State-of-the-art photoemis-
tronic states of a two-dimensional electron ga8®EG) in sion calculations for a variety of setups show how the SPEs
semiconductor heterostructures. In the latter, the asymmetsfifect the photoelectron spin polarization. Former studies of
in direction normal to the semiconductor interface results irthe photoelectron spin polarization from nonmagnetic sur-
the so-called Rashba spin-orbit interactféd®In case of the  faces were performed for normal emission. Fo(®i1), the
Au surface, the asymmetry is brought about by the surfac@hotoelectrons are to be detected in off-normal emisgioe
potential, in particular by the surface barrige., a vacuum- to the dispersion of the surface statesich leads for some
solid interfacé. Therefore, the.-gap surface states can be Setups to distinguished spin-dependent photoelectron diffrac-
regarded as being subject to the Rashba effect, which migfiion effects. Questions to be answered comprise the degree
render them interesting as a model system forand orientation of the spin polarization as well its depen-
spintronicst**® dence on the wave vectd .
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ky, comparison to the experimental findings significan(tiyis
L * . . . procedure clearly reveals shortcomings of the muffin-tin ap-
proximation for the potential, the latter being avoided in full-
. L ¢ — ° potential methods The work function of 5.23 eV agrees
: ° N well with the experimental value of 5.31 &V.
* * X > L k The ab initio calculations provide details of the electronic
T Lt . . structure by means of the layer- and wave-vector-resolved
° . . . . . spectral density,
(@ o . (®) . 1 .
N|(E,k||)=—;ImTrGf[(E,k”), (1)

FIG. 1. The A{l11l) surface.(a) Top view of the first three
surface layergfirst, second, and third layer: large, medium-sized, ) o
and small filled circles, respectivélya, anda, are the basis vec- Where Ehe trace Tr is over a muffin-tin sphere of layend
tors of the direct lattice. The axis points towards the bulkb) Gf[(E,k”) is the + side limit of the layer-diagonal Green
Two-dimensional reciprocal lattice with basis vectirsandb,.  function at energye and wave VeCtOEHZ (kx,ky) (Cartesian
The first Brillouin zone is marked gray. The two representativecoordinates are defined in Fig).@Afurther decomposition
symmetry points Kand Mmark a cornefkj(K)=(b,—b,)/2] and  of N, with respect to spin and angular momentum gives ac-
a centerf k(M) =(b,+b,)/2] of the Brillouin-zone boundary, re- Cess to the relevant surface-state properties.
spectively. To investigate the effect of spin-orbit coupling on the
L-gap surface states, we scaled the SOC strength by interpo-
This paper is organized as follows. In Sec. Il, theoreticallating between the fully relativistic and the scalar-relativistic
aspects and relevant details of the computations are préase:" Therefore, only SOC is scaled whereas the other
sented. Section 11l focuses first on the analogy between theelativistic effects remain unchangéapte that this is advan-
electronic states in a 2DEGSec. Ill A) and theL-gap sur- tageous compared to scaling the velocity of light We
face states. The properties of the surfaces states are discus¥¥epld like to note that this scheme applies only for the
in Sec. Il B, in particular the dispersiofBec. II1B 1) and  muffin-tin spheres, leaving the gradient of the surface poten-
the spin polarizationSec. 1ll B 2. The theoretical photo- tial almost unaffected.
emission results are eventually presented in Sec. Il C.

C. Photoemission calculations

Il. COMPUTATIONAL ASPECTS The photoemission calculations were performed using the
A. Au(111) surface omni2k computer program for electron spectroscopies,
) _ - and rely on the one-step model as being formulated in the
The Au11l) surface is shown schematically in Figal  gpin_polarized relativistic layer-KKR methd42> Therefore,
The x axis corresponds to the crystallographiclO] direc-  spin-orbit coupling is included in a natural way by solving
tion, whereas thg axis is along 112]. the Dirac equation. This is in particular important because
In the present work, only thexX1 unit cell is considered. the SOC-induced photoelectron spin polarization is fully
The so-called herringbone reconstruction with &2 unit  taken into account. The self-consistent potentials fromathe
cell will not be addresset. The main effect of this surface initio calculations serve as input, putting electronic-structure
modification is a modulation of the surface-state photoemisand photoemission results on equal footing.

sion intensities due to backfoldingurfaceumklapp. The omniZk computer program proved to be successful
in a number of investigationsee Ref. 26 for further publi-

cations. In particular, spin-orbit effects from nonmagnetic
surfaces were described quantitativiglyr theoretical predic-
The electronic structure of the ALL1) surface was com- tions of spin-polarization effects with linearly polarized light
puted from first-principles using the local-density approxi-(see Refs. 27, 28, and R%ll these effects were confirmed
mation(LDA) of density-functional theory with the Perdew- experimentally by Heinzmann’s grot}®, but also the
Wang exchange-correlation potenti@&The Korringa-Kohn-  closely related magnetic dichroism was addressed
Rostoker (KKR) method was applied to semi-infinite correctly**~3®Hence, we expect that both the photoemission
systems, hence avoiding slab geometries. intensities and the spin polarizations presented in Sec. Il C
Within our KKR scheme(for details, see Ref. 19we  agree well with future experiments on &u11).
computed first the bulk muffin-tin potentials. Subsequently, The inverse lifetimes of the photoholat energies close
the potentials of the outermost six Au surface layers and th&o the Fermi level and of the photoelectrofat about 15 eV
three vacuum layers were calculated self-consistently for th&inetic energy were chosen as 0.015 and 1.25 eV, respec-
semi-infinite system. The Au layers were not relaxgtkal tively. The maximum angular momentum whs,=4 and
surface but for the vacuum layers an outward relaxation ofthe sum over layers comprised the first 30 layers. Metal op-
4% (compared to the bulk interlayer distanceas assumed. tics were taken into account via Fresnel's equations and
The latter improved the dispersion of the surface states iSnell's law.

B. Ab initio electronic-structure calculations
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In the following, the incidence direction of the light is
described by a polar anglé,, and an azimuthp,,. The
in-plane component of the photoelectron wave vector is
given by

1404 \
) 120

\\\\\\\\\w

COS@,
singg)’

Kj=V2Ejj, sin 199(

,_.
=
i

“\\\\
i
2),

ﬁl
?‘\
)
«"‘
‘
4

)
S

whereE,;, is the kinetic energy. For thE-M direction in the
two-dimensional Brillouin zone one has for exampjg

=90°, and forl-K ¢.=0° [Fig. 1(b)].
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Ill. DISCUSSION AND RESULTS

A. Rashba spin-orbit interaction in a two-dimensional
electron gas

Time-reversal symmetry requires for the dispersion rela-
tion E(IZH ,T)= E(—IZH ,—17), where =1, is the electron
spin. Inversion symmetrywhich is present in the bulk of -
cubic lattices impIies»E(IZH *T)TE("Z" ,7). Combining kx(l/BOhr) -10 ky
these relations yield&(k|,7) =E(k|,— 7) (Kramers’ degen-
eracy which states that the electronic states in the bulk are FIG. 2. Rashba spin-orbit interaction in a two-dimensional elec-
not spin-polarized. However, the presence of a surfacéon gas. The dispersiori. (k) of free electrons are shown for
breaks the inversion symmetry and, hence, a spin-orbit;_— 4/Bohr, kj=(k¢.ky). The “inner” state [* +" in Eq. (6)]
induced splitting accompanied by a nonzero spin polarizatioRhows strong dispersion, the “outer” weak dispersjor-" in Eq.
is permitted. As Petersen and Hedebpointed out, the split- ()] Both surfaces touch each otherkat=0. For a better illustra-
ting depends on both the size of the atomic SOC and of thgon, the Rashba effect is extremely exaggerdtednpared to typi-
gradient of the surface potentfal. ) cal two-dimensional electron gases

Spin-orbit terms linear in the wave vectkroccur in the
Hamiltonian due to a symmetry reduction of the systbet-  where bold symbols represenk2 matrices, e.g., the Pauli
erostructure, film, and surfacavith respect to the corre- matriceso;, i =x,y,z. The parametey,,, which is assumed
sponding bulk systertfor a review, see Ref. 37Particularly  positive and is related to the derivative \6fz), controls the
important is the structural inversion asymmetry which occursstrength of the Rashba spin-orbit interaction. The above
typically at semiconductor interface¢e.g., in a two- equation is solved by thansatz
dimensional electron ga2® but in fact needs not to be re- . o
lated to the crystal structure. In t3his case, the lifgaerms W (p,ky)cexpik- p) (mx!+m x") 5
are the S(_)—called Rashba terfis” As will be motivated in . for the wave functiongfor details, see Ref.)2 The Pauli
the_folloyvmg, ther_e exists a close analogy between the Sp'népinorsXT andy' are quantized along theaxis.
orbit split electronic states in a 2DEG and th@ap surface The eigenvalue&.. of Eq. (4) are given by free-electron

states at11]) surfaces. arabolae that are shifted k:
Spin-orbit coupling in a crystal with potentiM(F) is de- P :

scribed by 1 .
E.=5kf=ysdK|l. ®)
1. . -
Heo= -5 (VVXDp), (3  The + solution gives rise to an “inner” paraboloidlike sur-
2c face (strong dispersion in Fig. )2 the — solution to an

- . - “outer” one (weak dispersion in Fig.)2
wheres is the spin andp the momentum operatdf.In a The associated eigenfunctions.. are fully spin polar-
2DEG, V is invariant parallel to the semiconductor interface, jzed, as is evident from the spin polarization
leading toV=V/(z). Hence, one can describe the system by

the free-electron Hamiltoniap 2/2 in two dimensiongxy 1 *ky Tsinee
plane, p=(x,y)] including Hy,. This results in the Schro ﬁi(EH)zT Fky | =| Fcosee |, 7)
dinger equation [k
0 0
1. with kj=|K|(cosee,singy) [cf. eq.(2)]. The spin polariza-
2 - - 1= lkjl(cosee, sing
KL vsd oy = oyl W =B, @ tonis perpendicular té, with P, (P_) rotating clockwise
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' ' general to steep compared to an image-potential barrier. The

| trend is furthermore consistent with energy-dependent sur-
face barriers that were introduced to describe correctly
image-potential states on @d0: these barriers became

4 smoother with increasing electron enéffjy The spin-orbit

0.1

0.05 -
splitting (in IZ”) agrees well: 0.012/Bohftheory) to 0.013/
Bohr (experiment, hence corroborating that the important

>/ surface-state properties are well described by our theory.

0.0

k, (1/Bohr)

//’\

In semiconductor 2DEGS, the spin-splitting energy at zero
magnetic field is typically in the order of a few me¥.g.,
2.5-3.5 meV from Refs. 41 and #Z'he corresponding val-
ues for the spin-orbit couplingys,, as obtained from
Shubnikov—de Haas oscillations, range from about 0.7
x 10 ° eV cm (Refs. 43 and 44to 0.9 10 ° eV cm (Refs.

41 and 38. The Rashba effect appears to be considerably
larger for the Aulll) surface: the spin-splitting energy of
about 0.14 eV corresponds to &, of about 4.4
% 10~% eV cm. More predicative in this context is the rela-
tive ky splitting Ake= 2(K2"'— kD) /(k2"+ k), which equals
about 14% for A@111). For a 2DEG, this quantity is directly
related to the carrier densities of the spin-split states, result-
ing in Akj=~49% (Ref. 4). We note in passing that the split-
ting of thesp-derived states on A1l is less than that for
comparabled-derived surface states on (#0),*° possibly
due to the increase of SOC with angular momentuiy,(
01 005 00 005 0.1 «[ - ¢ for a central potential

k, (1/Bohr) In accord with Eq.(6), the momentum distributions
(MDs) at the Fermi energ¥ are concentric circle§Fig.
3(b)], confirming the nomenclature of an inner and outer
surface statécf. also the constant-energy cuts in Fig. @ne

-0.05 |

FIG. 3. L-gap surface states on Aiil). (a) Dispersion of the
spin-orbit split surface states alongIkK [i.e., IZ”=(kX,O)]. Open

(closed symbols belong to the inngjouten surface state. Gray would expect that the symmetry of the surface would pro-

arrows point from the surface states at the Fermi en&rgyo the . .
momentum distribution shown in panel b. The region of bulk bandsduce deviations of the MDs from the circular shape. By

is depicted by gray areagy) Momentum distribution aEg. The ghe_ckl_ng Carﬁfurilyhthe spectral (E)er}SIty, we f0u|:1d Igdeebd tiny
thick arrows indicate the in-plane spin polarizatipR, and Py, eviations which, however, are by far too small to be observ-

according to Eq(9)]. able even in high-resolution photoemission experiments.
Therefore, we regard the MDs as circular.

(anticlockwisg around thez axis. P, vanishes, for the inver-
sion asymmetry being exclusively along thelirection. At

E”:O, the states are degenerate and the electron spin pole}r- Taking into account.thg point groumsof the(lll) sur-
L - o ace, the crystal potential in E¢3) can be written in cylinder
ization becomes zerde, =E_=0 andP,+P_=0].

coordinategr=(p,z,¢)] as

2. Spin polarization at the Fermi energy

B. Properties of the L-gap surface states V(F) =Vo(p,2)+V3(p,z)sin 3¢+ Vg(p,z)coSGp+ - - -.
(8)

The dispersion of the surface states was obtained from th @nalogy to the derivation for a 2DE{Sec. Il A, with
maxima in the layer- and wave-vector-resolved spectral denV(r)=Vo(z)] and by considering time-reversal symmetry,
sity [Eq. (1)] and is shown in Fig. @). The minimum energy the leading terms i, [Eq. (2)] of the electron spin polar-
is —0.51 eV which agrees well with the experimentally ob- ization (ESP at a fixed energy are given by
served value of-0.49 eV and with that of an FLAPWfull- )
potential linearized augmented plane wawelculation® asSiNee
However, our theory gives a stronger dispersion than the |3(%): — @ COSp, | . 9)
experiment: the Fermi wavenumbekg'=0.079/Bohr and B cos %
k2'=0.091/Bohr for the inner and the outer surface states, €
respectively, are slightly too small compared to the experiHence, the spin polarization rotates clockwig@mticlock-
mental values of 0.091/Bohr and 0.104/B4dRt. APW cal-  wise) for a>0 (a¢<<0) around thez axis (surface normal
culations with thewien code gave the same trefidt can  Evidently, the net spin polarization at the surface is zero and
probably be related to the LDA surface barrier which is inthe system remains nonmagnetic. Further, the signs fof

1. Dispersion
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the two spin-split surface states should be opposite,
sgn(a™ = —sgn(@®) [vanishing SOC requires tha(k))

=0 if summed over both states; that i8"= — «°". The
nonzeroP, reflects directly the threefold symmetry of the
surface. In particulan,P,| is largest at integer multiples of
¢.=NnX60°, ninteger, that is in the directions of the first-
nearest-neighbor atoms within the surface lajgg. 1). To

our knowledge, the ESPs, in particular the modulus and signs
of a™ anda®"as well as of3" and 8°!, were not addressed

in detail up to now, in particular with respect to the 2DEG ,

results (Sec. Il A). For the latter, we obtaineda™ L
— +1 (+100% anda®=—1 (—100%) [Eq. (7)]. Further, EEE A“A“A“A}lzg‘gf“A“A“A“A“A“A“
A" and g°“ vanish.

The spin polarization of the surface states is due to the FIG. 4. Layer- and spin-resolved spectral density of the surface
gradient of the surface potential, which plays the role of theg,tates_ at the Fermi energy. The wave vectors are alohg [|2H
inversion asymmetry in a 2DEG. Thederivative is much  =(0kl") and (0k2"), respectivel}. “E” and “Au” denote vacuum
larger than the in-plane derivatives that are related to theand Au layers, respectively. “S” and “S-2” give the standard no-
surface-potential corrugation, i.e., the in-plane asymmetry oimenclature for surface layers, starting with the outermost Au layer
the surface potential. Thereforby|>|g| is expected. In- “S.” The terms “spin up” and “spin down” refer toP, [cf. Eq.(9)
deed, the spin-resolved spectral densities of the outermost Awith ¢.=90°]. Note the logarithmic scale of the abscissa.
layer at the Fermi energy gave"~-—96.7% anda®"
~+92.6%, whereag"~ —1.4% andB®"'~+1.3%. Com-  electronic states in a 2DEG with Rashba spin-orbit interac-
paring these results with Eq7) suggests that the Rashba tion. The crystal structure of th@11) surface leads, in par-
parameterys, is negative for the AWL1l) surface, since a ticular, to a slightly reduced degree of spin polarization and
positive ys, corresponds tax™>0 and «®'<0. The large to a nonzero but smalP,. Further, crystal properties show
in-plane spin polarization is consistent with spin-resolvedup in different degrees of localization for the inner and the
photoemission experiments on(W0-(1X 1)H that report  outer surface state.
on 100% ESP, with regard to experimental resolution and
statistics(see Fig. 2 in Ref. 1)1 ) . o

That the surface states are not fully spin-polarized, as is - Probing the spin polarization by photoelectron
the case for the 2DE@S. Eq.(7)] is a further manifestation spectroscopy
of the crystal structure of thél11) surface. In order to in- 1. Spin-polarization effects in photoemission

vestigate this finding, we concentrated on th& direction
(that is, ¢.=90° to obtainP,=0) and scaled the spin-orbit
interaction Sec. Il B For vanishing SOC, the surface-state

wave functions are pure Pauli spinors and their spatial partﬁﬁitial states. For circularly polarized light, the effect is com-

are degenerate. Henae,= — oy andSin =~ Bou, aNd the o0 tormed “optical orientation” because the photoelec-
net ESP at a certaikj consequently vanishes. With increas- tron spin is aligned along the incidence direction of the light
ing SOC, and hence increasing splitting, each wave functioyhile its orientation is determined by the light helictfyFor
gets an admixture of the other spin orientation. Furthermoreinearly polarized light, different effects were theoretically
the spatial parts of the wave functions are no longer degergredicted and experimentally confirmetee references
erate. In other words, the difference|i"| and|a®“] can be given in Sec. Il G.
attributed to the different “locations” in the two-dimensional The major aspect for producing Spin_p0|arized photoe|ec-
Brillouin zone of the SOC-split surfaces states. trons from a nonmagnetic surface is the symmetry of the
This finding is supported by the layer- and spin-resolvedentire setup which comprises the crystal surface, light polar-
spectral density of the surface states integrated over thgation and incidence direction as well as the electron-
muffin-tin spheres[Eq. (1)]. The spectral weight extends detection direction. As a rule of thumb, one can assume that
considerably into the bulkabout 12 layers; see Fig),4n  the less symmetry, the more components of the photoelectron
agreement with recent calculations using a slab georfietryesp are nonzero. In order to reliably probe the spin polar-
The most Striking faCt, however, is that both inner and Outelization of an initial Statéhere arL_gap surface Stal@ne has
surface states decay differently towards the bulk and do nah assure that only those components of the photoelectron
show a full spin polarizatiofiNote that the only nonzero ESP ESp are nonzero that are also nonzero for the initial state.
component along’-M is P, due to symmetry reasonghe  This restriction implies that one has to choose the “correct”
spin polarization decreasém absolute valugtowards the photoemission setups. Otherwise, it might be difficult—if not
bulk, providing evidence of the surface origin of the spin-impossible—to conclude from the photoelectron ESP on that
orbit induced splitting. of the initial state. The main complication in probing the ESP
Summarizing at this point, the properties of thegap  of theL-gap surface states arises from the indispensable off-
surface states show a close correspondence to those of thermal emission of the photoelectrons. It reduces the sym-

S 82 S4 S6 S8 S-10

107 F —— spin up e outer 7}
——— spin down © inner

Spectral density (states/Hartree)
=

Depending on the photoemission setup, one can easily
produce spin-polarized photoelectrons from a nonmagnetic
surface, an effect mainly due to spin-orbit coupling in the
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FIG. 5. Spin-resolved photoemission fior along MT-M (¢ FIG. 6. As Fig. 5 but fors-polarized light @=21.22 eV).(a)
=90°) andp-polarized light =21.22 eV, #,,=45°). (a) Inten- Intensities forep,=0° (solid) and 90° (dashed azimuth of light
sities for ¢p,=90° (solid) and 270°(dashedl azimuth of light inci-  incidence.(b) Associated photoelectron spin polarization along

dence. The surface-state maxima are indicatéidner” and
“outer”). (b) Associated photoelectron spin polarization along  intensities show four distinct maxima which lie symmetri-
The vertical arrows mark the positions of the surface states. cally aroundl” (@:0 or 9,=0°). Theinner surface state

appears att,= +£4.2°, the outer aty,= =4.9°. Bulk contri-
metry considerably(compared to normal emissiprand, butions to the photocurrent occur foft>6°, as can be

hence, allows for mor&® components being nonzetb. seen by the very small intensitiésompared to the surface-
In the following, two main types of photoemission setupsstate intensities o
will be discussed. In the first onky lies in a mirror plane of Thex component of the photoelectron ESP shows distinct

- — . . minima and maxima at the positions of the surface states
the surface, i.ek alclng MI'-M [cf. F_|g_._](b)]. Since for_ [Fig. 5(b)]. The sign ofP,, arl?d hence the sign af [Eq.
©e=90° and 270°[k;=(0ky)], the initial-state ESP is (9)] corresponds to those obtained from the spectral-density
aligned along [Eq. (9)], the light has to be chosen in such a cajculations for the initial state. Even the magnitudes agree
way that the mirror operation— —x is retained. For the \ell: from Fig. 5 one would deduce’™~ —99% anda®"
second type]ZH is along KI'-K [IZH=(kX,O)] and only the ~+93%, compared tax'"~—97% anda®~+93% for
trivial symmetry operation remainsﬁ( perpendicular to a the initial states. That intensities and spin polarizations for
mirror plang. Therefore, it is not possible to choose inci- ®pn=90° and 270° as well as fat J differ is attributed to
dence direction and polarization of the light in such a waythe transition-matrix elements which obviously depend on

that only P, is nonzero. the direction of light incidencénote in this context the ABC
The following results were obtained for linearly and cir- stacking sequence along tfit11] direction; see Fig. J1
cularly polarized light with a photon energy=21.22 eV The use ofp-polarized light nicely provides access to the

(He) incident at a polar anglé,,=45°. Fixing the initial- spin polariz'ati.on of the initial state. Farpolarized Ii.ght,'
state energy aEF, we are concerned with constant initial- however, this is not Completely true, as can be seen in Flg 6.
energy spectroscopy. Our results hold qualitatively also for In this casep, is the only nonzero ESP component, too.
other parameterée.g., polar angle of incidence, initial-state For ¢,,=0° (that is, for the electric-field vectdE of the

energy, and photon energy incident radiation parallel tg), P, shows the same structure
as for p-polarized light[solid in Fig. §b)]. However, for

®ph=90° (Ell)?), one observes the opposite behavior: a posi-
tive " and a negativer®" [dashed in Fig. ®)]. This find-

ing is a direct manifestation of SOC. Without SOC, an
initial-state wave function would be either even or odd under

. AT . the mirror operatiox— —X. The spatial parts for “spin-up”
photoelectron spin polarization is normal to the scattenng(T) and “spin-down” (|) would be identical, giving rise to
plane[see Ref. 28 fo(001) surface$ Hence, to probe the 5" nnojarized state. However, spin-orbit coupling mixes

initial-state spin polarization for M'-M (¢.=90°) one even and odd initial-state wave functiofisSchematically,
chooses a light incidence within the plane (,,=90° or  one can write, for the initial-state wave function,
270°) which produces a nonzeRy, only.

Scanning the polar angle of emissidn [Fig. 5a)], the [UY= Ve X+ | Vosdx™ ", 7=T1,1. (10

2.T-M
For M-T-M, from Eq.(9) one obtains that the spin polar-

ization of the initial state is aligned along theaxis, P
=(«,0,0). For off-normally incidenp-polarized light, the
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@100 T T T T T T T He rare-gas discharge lamp provides information on the sign
= s but not on the magnitude of the initial-state spin polarization.
= In order to probe the initial-staté with an “optical ori-

N o9 entation,” one would choose circularly polarized light inci-
% dent atp,,=0° or 180°, expecting that mainky, would be
2'50 produced, although all three components|50become non-

'5; zero for9,,#0°. In this case, the intensiti¢sand spin po-

—_ =
S D
S O

larizationsP obey (,P,,P,,P,)—(I,P,,—P,,—P,) when
changingep, from 0° to 180° and simultaneously reversing
the light helicityo . [1 (o) #1(o_) means that there is cir-
cular dichroism in angular distributignAs is evident from
Figs. 1b) and 7c) the photoelectron ESP shows a compli-
cated behavior, from which it is almost impossible to con-

n
<

Spin polarization (%)
<

-50 clude on the initial-state spin polarization without prithe-
oretica) knowledge.
-100
100 T T T T T T T [
unpol. li§ht ,l\\ (a) 3.T'K
50 | — =90 [\ A

o

—— =270

~.
~—
-~
~

\ With kj along KT-K (¢=0°) the only remaining sym-
f__\_ metry operation is the trivial one, which yields that all com-
ponents of the photoelectron ESP are generally nonzero. The

initial-state ESP, however, reals= (0,— a,B). Thus, a non-

th
<
T

Spin polarization (%)
<

P, Y zeroP, of the photoelectron would be a direct manifestation
A T T T T . 6 of a ESP due to the photoemission process. We have per-
9, (deg) formed photoemission calculations for different light polar-

izations and incidence directions and found that in most
FIG. 7. Spin-resolved photoemission f@r along MI-M (¢,  Cases the photoelectron spin polarization is hardly to relate to
=90°, w=21.22 eV, ¥,,=45°). The vertical arrows mark the that of the initial state. The most promising results were ob-
surface-state positionga) Photoelectron spin polarization aloxg ~ tained for p-polarized light incident in thexz plane (py,
for unpolarized light incident ap,,=90° (solid) and 270°(dashei ~ =0° and 180°). The symmetry of this setup implies certain
azimuth. (b) and (c) As in panel(a), but for circularly polarized relations between the intensitieand the photoelectron spin
Itig?t for pqgitive[o_, E?neTlr(]b)] and negative}{ath, p;\anell(c)] polarization P: simultaneously changing,, from 0° to
Spin polarization are diferentiated by ne syles, o 180° and b 10 g reSUlts in (Px,Py,Po)—(1,Py,
—Py,—P,), thatis,P, andP, change sign wheredsandP,
] S _ remain unaffected. Therefore, it is sufficient to discuss only
In the d|pol.e.a.1pprOX|mat|onE couples.to Fhe even spanal the casep,,=0°. As is evident from Fig. 8, the intensity
part of the initial-state wave function if lying in the mirror \,avima occur at the same polar angles of emission as along

plane. This is the case fgrpolarized light as in Fig. 5orfor ——=— . :
. . . R .. M-I'-M which proves the circular shape of the momentum
s-polarized light withe,,=0°. It couples to the odd part if distribution[Fig. 3b)].

being perpendicular, as is the case $golarized light inci- ) - o
dent ate,,=90°. Hence, one can conclude that the even The dominant component d?, Py [solid in Fig. 8b)],
parts of the initial states are dominaff. the intensities in  SNOws at/—-+/— shape which agrees well with that of the
Fig. 6: large forgy,=0°, small for g,,=90°; this is con- |n|itl:al-stac;tsat spin polarizatiofiFig. 3(b)]. Further, one finds
firmed by the angular momentum- and spin-resolved spectraft || a**]. However, to concludet on the magnitudecofs
densities and produce a negative” and a positivex®". The rather difficult, in Partlcular fora®" because of the sizable
intensity difference for+ 9, can again be attributed to the Py andP,. TheseP components are rather large, especially
fcc lattice which is not symmetric with respect to tke  for the outer surface state on which we will focus now. The
plane(ABC stacking sequenge comparison of theP, values of 25.7% and 35.3% al,
Unpolarized light can be regarded as an incoherent super —4.9° and+4.9° [dashed in Fig. &)], respectively, with
position ofs- and p-polarized light. Since, witls-polarized  those of the initial state<{ 1.3% and+1.3%) renders it im-
light incident within theyzplane (pp,=90°), one detects the possible to conclude from the photoelectron spin polarization
“wrong” ESP [dashed in Fig. @®)], a question arises on that of the surface state. The same holdsHpi[14.8%
whether unpolarized light provides nevertheless the “cor-and 32.0%; dash-dotted in Fig(l8] which is exclusively

rect” initial-state ESP. IndeedP, shows the—/+—+/— due to the photoemission process.
shape[Fig. 7(a)], but the ESP is significantly reduced in  Despite this negative but expected result, one can specu-
absolute value. late to probe the initial-stat®, by altering the system. First,

The latter can be explained by the smaller intensity forone needs a spin-polarization effect which produces a domi-
s-polarized light than fomp-polarized light. Hence, using a nantP,. This could be an accomplished by an “optical ori-
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~100 splitting of the surface states increased with coverage.
E Summarizing, the photoemission calculations prove that it
,5 50 is possible to conclude from the photoelectron spin polariza-
g - tions on those of the initidl-gap surface states, provided the
g o setup is chosen correctly. Otherwise, the photoelectron spin
é-so polarization which is brought about by the photoemission
,a ) process itself obscures the property of interest.
“L100
= T T T T T T T IV. CONCLUDING REMARKS
*é‘ p-pol. light (a) . . o .
5S4l @pn=0° ] Our theoretical investigations reveal on one hand a strik-
S ing similarity between the electronic states in a two-
8 dimensional electron ga2DEG) with Rashba spin-orbit in-
22t . teraction and thd_-gap surface states on Ail). On the
§ other hand, the structure of the A1) surface produces a
k| JAA nonzero but small spin-polarization component normal to the
T . o . 4 e surface that is missing in a 2DEG. To probe the spin polar-
J, (deg) ization of the spin-orbit-split surface states by spin- and

angle-resolved photoelectron spectroscopy can completely
FIG. 8. Spin-resolved photoemission fiy along KT-K (¢,  fail if the setup is badly chosen. As a rule of thumb, those
=0°) andp-polarized light (2 =21.22 eV, 9,,=45°). (a) Intensi-  setups work best that produce a photoelectron spin polariza-
ties for ¢,n=0° azimuth of light incidence(b) Associated photo- tion aligned along that of the initial statsee, e.g., Refs. 26
electron spin polarization. The vertical arrows mark the surfaceand 33. We would like to encourage strongly experiments in
state positions. order to confirm our theoretical results.

The L-gap surface states can be regarded as a source for
entation” with normally incident circularly polarized light, highly spin-polarized electrons with unique properties.
but for off-normal emission the othét components are too Hence, one can speculate whether thé€lAd) surface can be
large to conclude undoubtedly gh Second, since the small used as a model_ system_ for spintronics if brought into con-
initial-state P, arises from the corrugation of the surface &ct with magnetic material.
potential, one might think about increasing the corrugation
by covering the surface by an adlayer, e.g.y3(

% \3)R30°-Xe/Au(111). As reported in Refs. 7 and 48 for We are grateful to Yonko T. Millev for very fruitful dis-
XelAu(111) and in Ref. 45 for Li/W110), the spin-orbit cussions.
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