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Spin-orbit splitting of the L-gap surface state on A@l1l) and Ag(111)
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We present high-resolution photoemission results onltgap surface state on AlL1) and Ag11)), in
combination with fully relativistic density-functional calculations. In the case oflAl), both experimental
and theoretical results demonstrate that the lack of inversion symmetry at the surface leads to a considerable
spin-orbit splitting of this surface state over the whole Fermi surface, whereas in the cas€lbf)Abis
splitting is far too small to be experimentally resolved in our data.
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Several years ago LaShell, McDougall, and Jehseres-  vacuum ultraviolet radiatidh could not be observed in the
tigated thelL-gap surface state on AlLLl) by angular- spectra. In contrast to the work by LaShell, McDougall, and
resolved photoemission spectroscopy with a high-momenturdensen, our spectra were taken at low temperatufes (
resolution. Their data show a particular splitting of the sur-~30 K) with a photon energy div=21.23 eV(He!), and
face state peak in the energy distribution cur¢e®C'’s), the complete two-dimensional Fermi surface was measured.
that increases when the peak disperses toward the Fermi The presented slab calculations were performed using the
level. Although the authors already interpreted this splittingfull-potential  linearized-augmented-plane-wavé_APW)
as due to the spin-orbiSO) interaction of the surfacep  method as embodied in theiEN 97 codel? The calculations
state, there has been a long-standing discussion about page based on density functional theory using the local-density
sible other reasons for the splitting in the literatt™®,  approximatiori? In contrast to the theoretical investigations
mostly because the observed doublet has not been reprgjinin a simple model approach in Ref. 8, cah initio cal-

duced in photoemission spectroscopy until recehtly.ad-  ,jations contain no external parameters to describe the spin-

dition, the spl]ttlng has not bgen observgd by tqnnelmg SPECrbit interaction and yieldquantitative results for the SO
troscopy using a scanning tunneling microscopé,

robably because this is not possible due to principle Iimita—Splitting over the complete investigatédrange. We used a
'ﬁons ofythe method, as desc?ribed in Ref 8pAnotI?1er detai ell-converged basis set of about 1600 LAPW's ank a
' Y esh of 12k points in the two-dimensional irreducible Bril-

that complicates the understanding of the electronic proper- " : . . .
ties of the AW111) surface is the existence of a particular louin zone. SO coupling was included in a second variational

22% \3 . hich f . d by elast step. We modeled the surface by a periodic slab of 23 Au
(22 . ) reconstruction which forms—triggered by e astic layers, separated by 20 bohr of vacuum. Preliminary test cal-
stress in the topmost surface layer—the so-called herrin

b terf.that miaht also infl he ol i st %ulations with fewer layers or reduced vacuum have shown
one patterr,that might also influence the electronic StruC- a1 in the artificial slab geometry the two surfaces interact
ture of the surfac8.

: _ . .. weakly with each other, both via the “bulk” as well as via
In this paper we present high-resolution photoemissiony,q «acyum” (cf. Ref. 14. This spurious interaction leads
data and a fully relativistic slab layer calculation for the

) o to a splitting of the two surface states, which for, e.g., a
Au(11)) surface, which both show a splitting of the Surfaceseven-layer slab is much larger than the SO splitting of the

?tate O\Ejer the (i_(:n:_plete Fermi sutrf%cc?[. The excellgnt qlj['a“taéu(lll) surface statéwe have two surfaces and thus two
IV€ and quantitalive agreement between experiment and face states, even without SO interactiohhus we in-

%reased both the number of Au layers and the vacuum region,
the reason for the observed spectral doublet of thelA) ~,4i| the calculations without SO did show a splitting of the

surface state. Furthermore, we explain why this SO spIittinq o surface states below 1 meV, which is negligible com-
has not been observed experimentally for other noble-met ared to the actual splitting due to SO interaction

surface states, e.g., on fd.1). Because the occupied part of the surface state is far away

The experimental setup and the surface preparation WelL,m the surface Brillouin-zone boundary. its di .
) - ) - y, its dispersion can
described elsewhere in detégiee Refs. 5 and J0therefore, .be regarded as identical for all in-plane directions. Therefore,

we only give a §hort summary here. Important fqr thg EXPEeTliye restrict most of our following discussion to the dispersion
mental results is the high spectrometer resolution in energ

and angle AE=3.5 meV, A #~0.3°), and in particular the longI"'M, denoted as tflle direcEion with the in-plane wave
short measuring time of approximately 15 min for one datavector defined ak& =ky-ex+ky-ey. Figure 1 shows the re-
set, that contains the complete occupied surface state bamdlts of this band-structure calculation along 1A direc-

for both Ag(111) and Au111). This is important to avoid a tion. The surface state, represented by solid lines, appears
surface deterioration from adsorbates that influence the phanside theL gap of the projected bulk band statehaded
toemission spectra significantly. An influence of the intenserea. Obviously, the surface state is split for all poirks
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FIG. 1. Results of the band-structure calculation alongltive e i
direction for a 23-layer slab of A@11). The shaded area represents o 200§
the projected bulk states, and the solid lines give the surface state o -
dispersion. The Fermi level has been adjusted to the experimental (0] =
position. 2 400
'_g =
#0, forming two parabolas with the same maximum binding e} 6001‘ e s e e e e,
energy, but shifted horizontally in the positive and negative -02 -01 0.0 01 0.2
k, directions, respectively. This splitting disappears when the o
calculation is performed without SO interaction. Note that ky,alongTM [5\ ]

the maximum binding energy of the lowered band appears _
not atk,=0. For the comparison with the experimental re- FIG. 2. Experlmen_tal results of the ALL1) L-gap surface state,
sults the Fermi level of the calculations has been adjusted tom He photoemission data af=30 K (see Ref. 5 for more

the experimental value, i.e., the states were shifted bY’]forma}tior). Upp.er panel: FSM_with spin orifentation indic.ated by
~100 meV to higher binding energies. he white arrows; _mlddlg par_1e|. M_DC &,=0; lower panel: gray
The experimental photoemission results on the1Ad) scale_ plot _of Fhe dlspersmnz |_n0|qd|ng the calculat_ed band .st_ructure
. - . as thin solid lines. Clearly visible in all three plots is the splitting of
surface state are summarized in Fig. 2. The upper panel 9IVeS. Lrface state
a Fermi surface maf~SM) of the surface state, which tech- '
nically speaking is the spectral intensity B¢ for different  bright parabolas of the surface state, embedded in the band
emission angles or wave vectoks. The two concentric gap of the projected bulk states that appear as a slightly
circles represent the twofold Fermi surface of the(#l) increased intensity toward both sides of the plot. The split-
surface state, surrounded by a dark ring that is due to the lowng of the surface state is constantkncorresponding to a
spectral intensity in the projected band gap of the bulk stateginear increase of the splitting in energ:. (k,) = —#%2(k,
The small deviations< 0.5°) from perfect circles are caused + Ak/2)2/2m* + E,. A least-squares fit of the experimental
by electrostatic or magnetic fringe fields in the experimentabispersion gives a value aik=0.025 A1, a maximum
setup; an azimuthal rotation of the sample does not changsinding energy ofE,=487 meV, and an effective mass
the experimental distortion of the Fermi surface. In the pic-m* =0.255n,. Note that not only the binding energy but
ture proposed by LaShedt al, the electron spin lies in the also this SO splitting can be modified by a coverage of the
surface plane and is oriented perpendiculakjtoThe spins  surface, e.g., by a Xe monolayer that causes a shift of ap-
of the two Fermi surfaces point in opposite directions, agproximately 140 meV towardE and a~20% increase of
indicated by the white arrows in Fig. 2. The difference be-the splitting’® For the two surface-state Fermi vectors we
tween the radii of the two Fermi surfaces directly gives theobtainkg=+0.172 A ! andkg=+0.197 A . For a com-
SO splitting Ak of the surface state ik space. Within the  parison with the theoretical results, we included into this
experimental errors we cannot observe any azimuthal depefigure the calculated surface state bands from Fig. 1 as solid
dence ofAk. lines. The agreement is striking: theory and experiment de-
The lower panel shows a gray scale plot of the dispersiorcribe exactly the same dispersions, including the size of the
E(k,), that was measured with an angular step width ofSO splitting. In comparison, the free-electron model by Pe-
~0.07° in one single experiment. Clearly visible are the twotersenet al®—that qualitatively describes the splitting and
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S 40E The SO splitting in momentum is onlfk=0.0013 A%, equiva-
qc-’ £ lent to an angle of 0.035° at Hé\t the Fermi level the correspond-
o E ing splitting in the EDC’s iIAE=1.9 meV.
(@) r
c 80
[ = plot of the dispersiorE(k,) also show no indication of a
o PPN PPN IPUPRPIPN I PRI B splitting of the surface state. The lack of the splitting in the
120 o . .
-0.2 -0.1 0.0 0.1 0.2 photoemission data on Atjl1l) can be examined again by
3\'1 the comparison with local-density-approximation band-
A ] structure calculations. Figure 4 shows the results of the cal-

culation together with the experimental dispersion extracted
from the maxima in the MDC at different binding energies.
n the case of A@L1]) the artificial surface-surface splitting
=0.40, andkg=+0.080 AL The theoretical surface state disper- of ~1 meV (see abov)3|s_ no Iong_er negligible, and was
sion (cf. Fig. 4) is given as a solid line in the lower parfshifted by therefore subtr_acted. Again there is an excellent agreement
~70 meV towardEg). between expe_rlment and theory. From the Eheory one 'would
expect a splitting of aboutAk=0.0013 A! which is
equivalent to an angular splitting of 0.035° at the used pho-
its k dependence correctly—gives a SO splitting several orton energy ohr=21.23 eV, one order of magnitude below
ders of magnitude smaller than experimentally observed. our angular resolution oA #~0.3°. However, the SO split-

The middle panel of Fig. 2 shows the momentum distri-ting might be the reason for the slightly enhanced linewidth
bution curve(MDC) at E=E¢, equivalent to a cut of the T'(Ef)=0.018 A 1=0.50° in comparison to the values of
FSM atk,=0. This presentation shows again the separatiomu(111) and C{11l) where under the same experimental
Ak, and aIIows one to determine accurately the linewidthconditions we obtaid (Ef)=0.014 A 1=0.38°.

I'(Eg)=0.014 =0.38° (full width at half maximum of Obviously there is a considerable quantitative difference
the individual peaks in the MDC, which is mainly deter- between the energy splitting of the surface states and the
mined by the finite angular resolutiahd of the spectrom- spin-orbit splittings of thep states of a free atom, which
eter. amount to 470 and 110 meV, for Aypéand Ag 5, respec-

In the photoemission data on other noble-metal surfacedively. In the free atom the size of the splitting is determined
an equivalent SO splitting of the surface state could not béy the gradient of the spherical Coulomb potential, that is
observed, although an estimate from the atomic paranifterssignificantly modified in the range of typical valence state
would give an SO splitting for Ag only about four times energies in the solid. Compared to the atomic potential, the
smaller than for Au. Such a splitting should be experimen-mean potential in the solid becomes more flat at higher en-
tally observable with the present resolution. Figure 3 show®rgies, and the gradient decreases. Because the binding en-
the photoemission results of thie-gap surface state on ergy of the Agl1l) surface state is much smaller than for
Ag(111). The FSM in the upper panel consists of only oneAu(111), the deviation of the surface state splitting from the
single circle, again surrounded by the dark ring of the banditomic values is even larger. In other words, the shape of the
gap. Both the MDC in the middle panel and the gray scalgadial wave function in the solid deviates from the atomic

FIG. 3. Photoemission results on thegap surface state on
Ag(111), analogous to Fig. 2. From the experimental data we obtai
the parameters of the parabolic dispersigg=62 meV, m*/m,
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wave function and reflects the delocalization of the valencebserve any influence of the herringbone reconstruction on
states; the localized atomic character is reduced. Furthethe topology of the Fermi surface of the @l surface
more, one should note that the wave function of the surfacetate, nor a broadening of the spectral features. From the
state is not only of purg character, but has a significant calculation for the A¢l11) state one can infer that in prin-
admixture froms states, which alone show no SO splitting. ciple the splitting exists also in other noble-metal surfaces,

We present a direct comparison of high-resolution photoyyt that it is in general too small to be experimentally ob-
emission data and a fully relativistic band-structure calculaseryaple in photoemission data.

tion of theL-gap surface state on ALL1) and Ag111). The

excellent quantitative agreement between experimental data

and the results of the 23-layer slab calculation gives clear We would like to thank Eric JenseBrandeis University
evidence that the splitting observed in the photoemissioifor helpful discussions. This work was supported by the
data on AW111) is caused by spin-orbit interaction in tes@  Deutsche Forschungsgemeinschi@tant Nos. HU 149-17-4
states at the surface, as it was first suggested by LaShedind HU 149-19-1 and XPDand the Sonderforschungsbere-
McDougall, and Jensen. Experimentally, we could neitheich SFB 277.
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