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Surface state confinement in a lateral quantum well: The striped C(110)(2X 1)O surface
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We report the response of the well-known Shockley-type surface state, which resides aramdhy
Cu(110 surface, to the presence of a lateral one-dimensi¢hB) superlattice. This grating consists of
alternating stripes of reconstructed (CL0)(2X 1)O and unreconstructed CLL0) and can be prepared by
oxygen dosing over a wide range of stripe widths and distances, respectively. Using high-resolution angle-
dependent photoemission at room temperature, we study the variation of binding energy, effective mass,
linewidth and energy splitting induced by the confinement perpendicular t(2tkd)O stripes. We demon-
strate that the surface state electrons on the striped Cu-O surface show confinement properties and photoemis-

sion spectra in almost complete analogy to thsurface state electrons on steppedXd) and Au111)
surface[Mugarzaet al, Phys. Rev. Lett.87, 107601(2002]. At low oxygen coverages our data differ from

those of an earlier photoemission study of the same system performed with the sample afBeéY@eKand
Lehmann, Phys. Rev. LetB0, 1497 (1999], which reports the observation of singularities in the density of
states of quasi-1D subbands. However, the two studies agree within experimental error limits for the higher
oxygen coverages. We explain the apparent difference by the temperature-induced transition from coherent
emission out of 2D superlattice bands to incoherent emission from decoupled 1D quantum well states.

DOI: 10.1103/PhysRevB.70.155303 PACS nuniber73.21—-b, 73.20.At, 79.60-i

I. INTRODUCTION then lead to 1D confinement within an atomically flat terrace.

. , ' ﬂ almost all cases the Shockley state arolireh the noble-
The study of the electronic behavior of quantum-confinedyeta| (111) surface was probed. A vicinal cut confines this

electrons is relevant in the context of fundamental condenseg|, face state on(11l)-oriented terraces between straight
matter physic$.Moreover, since electronic and geometrical steps>7 A different approach has been exploited recently by
properties are connected self-consistently, any attempt to taBertel and Lehmanh.These authors used the quasi-one-
lor electronic properties requires a deep understanding afimensional surface oxide domains, proddcdy self-
how the electrons react to structural modifications on a naprganized stripe-pattern formation on(@a0), to confine the

nometer scale. -
o Shockley-type surface state existing aroundo¥i clean
Surface states on noble metehgve been a preferred sub- Cu(110. High-resolution angle-resolved photoemission

ject of confinement-investigation in the last few years. They o _ S
are accessible to scanning tunneling spectros¢ggM) as ~ SPectra te_lken at Ynhdicate the appearance of smgularltles_ in
well as to angle-resolved photoelectron spectroscopy. ThedB€ density of states and these are interpreted as critical
methods in general yield complementary information. PhotoPoints of quasi-one-dimensional subbands of the surface
emission can map a surface state in the reciprocal spaces e electrons on the striped surfédeis picture appears to
both the substrate atomic lattice and of a superlattice preseR€ in conflict with the results obtained on steppddl)-
at the surface in a straightforward and well-understood mansurfaces, where arourld only the ground state of the con-
ner. However, it is a laterally averaging method and therefordined electrons is observed. The higher lying occupied states
a clear cut interpretation of the results requires regulariyappear only in off-normal photoemission spectra and this
spaced superstructures over areas large compared to the peay be explained quantitatively by a detailed inspection of
riodicity of nanoscopic structures. In contrast, STM can re-the photoemission matrix elemehErom ana priori point of
solve single terraces with defined geometry, is able to studyiew there is no clear difference between the confinement on
e.g., scattering at defects and steps, and may easily identifgrraces of vicinal(111) surfaces and the confinement be-
confinement properties. While in special cases standing ele¢ween oxide stripes on the Cil0/O surface. To obtain
tron wave patterns produced by reflection at steps allowed usiore insight we have performed new experiments at the
to map an energy versug (momentum parallel to the sur- striped surface. The new data are taken at 300 K, while the
face relation,k-space information regarding the superlatticeformer result® were obtained at 100 K. Surprisingly, the re-
is not available in general from STM. sults of both experiments agree within the error aesult-
Most studies of electron confinement in nanoscopic grating mainly from different resolution parametgrat the
ings use vicinal surfaces of noble metals. These may exhibltigher oxygen coverages, but are different at the lower cov-
regularly spaced steps with experimentally tunable terracerages. We give an interpretation for the apparent discrep-
widths in between. Strong scattering at the step edges mayhcy in terms of a temperature dependent decoupling of the
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Adsorption was performed by the admission of molecular
oxygen, with the sample at room temperature or slightly
above, and subsequent annealing at 600 K. This preparation
induces the quasi-1D domain structure with regularly spaced
surface oxide stripes separated by stripes of cleafl Ty
see Ref. 9 for details of the preparation, and Fig. 1 for the
geometry. The periodicity D could be clearly resolved using
SPALEED. To determine the stripe width L, a calibration of
coverage®, (defined as the ratio of the number of oxygen
atoms to the number of Cu atoms in the outermost substrate
layer below the Cu-O chaipgs required. Our calibration
results from a combined analysis of the work-function

change, intensity of the oxygen-derived occupied “antibond-
% ing” UPS peak observed at, ! and the geometry param-
Z eters obtained from SPALEED, and it was corroborated a by
comparison with earlier work:!* The width of the clean
FIG. 1. Top: Atomic arrangement of the Cu-CuO stripe phasestripes L is then given as L& -0,/ ®/D, where®,=0.5 is

formed by alternating stripes of CLL0) (width L) and C{110(2  the global coverage at oxygen saturatitu0).
X 1)O (width ) resulting in a periodicityp=1+L of the nanograt-

ing. Note that the Cu-O chain length is large as compared to atomic

distances. Bottom: crystal bulk axékft) and surface Brillouin Ill. RESULTS AND DISCUSSION
zone(right) for Cu(110). The dashed line shows the reduced zone

(shadegl for the completely filled(2X 1) overlayer configuration A. Clean Cu(110

(L=0). To the best of our knowledge, photoemission data of

the Y Shockley state have only been published along the
quantum well states, i.e., the transition from a coherently—y azimuth. Since the surface-oxide stripes also run along
emitting 2D-super-lattice band structure state to emlssmri:_? confining effects are to be expected perpendicular to

from incoherently emitting 1D quantum-well states. . )
these stripes, i.e., along-YS. We have therefore started our
work by looking for the surface state dispersion along

Il. EXPERIMENT Y-S and, for a comparison with earlier work, alohg-Y.
i _ Generally the surface-state dispersion wvttis parabolic
The experlmelrlns were performed in an UHV syst@ase  ground the center of the surface-projected bulk band gap
pressure X 10" mbay equipped with a hemispherical jn which it occurs. Their photoemission initial state energy

electron energy analyzer and standard facilities for samplg: (<0, and defined with respect @ at E;=0) is then de-
preparation and spot-profile-analysis low-energy electron.riped as

diffraction (SPALEED). The analyzer uses a channel-plate
detector and an electrostatic entrance lens system which al- B - e,
lows in situ variation of the angular resolution betwea Ei=Ey(T)+ R(K‘ ~ k)%, (1)
=+3° and +0.4°. The energy resolution can be tuned inde- .

pendent ofA# by variation of the pass energy and entrancewhere E; is the bottom of the parabola ark& gives the

slit width. The best value oAE=12 meV was verified by _space position of the bottom, i.e., ¥ the present work.
measuring the widthFWHM) of the 3 lines of gaseous The effective mass of Shockley states on the low-index noble
argon after excitation with Heliw=21.2 eVj radiation. For  meta| surfaces is positive but generally smaller than the free-
most spectra reported below we have chosér £0.7° and  electron mass m. This indicates the essential delocalization

AE was set between 20 and 40 meV as a compromise besf the surface state electrons parallel to the surface. With the
tween resolution and intensity. All data are taken at roomsample at T=130 K we obtaifE,=-0.47 eV andm'/m

temperature, if not mentioned otherwise. =0.26+0.03 along’-Y. This result is in excellent agree-

The sampl.e could .be rotated both with respect to thf pOI‘f"r[nent with several earlier studies, see Ref. 12 and many ref-
angle and azimuth with an accuracy of better than 0.5°. Thi rences therein. The data of Fig. 2 sh&g=—0.41 eV at

allowed us to take spectra from extended regions of the 2 00 K. From the two data points we infer a temperature

surfacek-space, in particular, along the high-symmetry linesyo o\ yence of, with a temperature coefficiendEy/dT

rf_tg, lé:&(lf(i);dr—sl; see F'igt. iéfc;f definitticc’jns- Tfepé}fztiqn =(0.35+0.12 meV/K. This agrees within error bars with
of the sample consisted of repeated cycles of Ar-ion _ . —
bombardment500 e\) at 520 K and subsequent annealing dEO/dT__(O'ZGiO'Oa meY/K o_btamed_ at__ Yoon clean
at 800 K. No contamination could ever be detected withCU(110 in Ref. 12. The dispersion along-¥Sis reproduced
angle-resolved photoemission, and an excellent LEED path Fig- 2 and shows a parabola with /m=0.43+0.03.

tern was observed, with a spot-widiRWHM) below 1% of Obviously the Shockley state aroundof Cy110 dis-
the surface Brillouin zone diameter. perses anisotropically. This finding is fully supported by an

[110]

2

155303-2



SURFACE STATE CONFINEMENT IN A LATERAL.. PHYSICAL REVIEW B 70, 155303(2004)

0.0

jection. In consequence, the surface state confined within this
gap shows a narrower surface Fermi contour and a concomi-
tant smaller effective mass. This argument is based on
k-space considerations and it is instructive to complement it
by investigating the surface state character in real space. The
bottom of the band gap, from which the surface state is split
off, is formed by arlL,, band. This band has a pure p orbital
character. The projection of these orbitals on ¢h&0) sur-
face and the formation of,, symmetry-adapted linear com-
binations yields for the surface state p, orbital
compositiont® Accordingly, the surface state isbonding in
the Y-T direction and= bonding in the Y-S direction.
Therefore, the dispersion is expected to be significantly
02 01 00 01 02 stronger and the effective mass to be smaller in the former
k“-kuo [1/A] direction. The effect is somewhat reduced, however, by the
o fact that the atomic distances are larger in thelYdirection.

FIG. 2. DispersionE;j(k) of the surface state around ¥n By the same argument, the surface state has eharacter
Cu(110 with k; running along ¥-S. Photon energfiw=21.2 €V;  and is 7 bonding around” on the(111) surface. With the
sample at 300 K. The solid line is a fit according to L. atomic distances and the bonding type being the same as for

the Y-S direction on Cy110 the effective masses agree to
investigation using scanning tunneling microscopy to image&yithin 2%.
the corresponding surface Fermi cont&um this work the
distance fronT" (alongI'-Y) to the Fermi contour is deter- B. The striped Cu(110)(2X 1)O surface
mined to bek-=0.68+0.02 A, which is in excellent agree-
ment with our resulke=0.67+0.01 A%, Precise data along

the_tY— S_ddlre;?tlon gref nlc;t t%lvtetr;l n Rif' 13F. H0\_Nevetr, I 'r? tion normal to the stripes. The resulting intensity resembles
qu_| e_ eviden rom_ et a _e sur @e_ern_wl gon OUrNa%ery much the He-atom diffraction pattern presented in Ref.
elliptical shape, with the long axis along-¥S. This is clear g, |t consists of the specular peak at a wave vector transfer
evidence thatm" along Y-S exceedsm” alongI'-Y, in k=0, the first-order substrate peakiat +2krx (Krx is the
agreement with our results. Tlkevectors in Eq(1) are de-  distance betweei and X), and the half-order peak &
fined with respect to thd point of the surface Brillouin = *Krx related to th&2 1) order of the Cu-O chains on the

zone. If we define a different 2D k-space coordinate systen®xygen-covered stripes. The regularly-spaced stripe-pattern
(k.k,), with k, along Y-S, k, along Y-T, andk =k, =0 just gives then rise to a series of additional diffraction peaks oc-
X1 Ny X y ’ X Y

Cu(110)
Y-S
m’/m = 0.43 £0.03

Initial state energy [eV]

To determine the stripe periodicity we used SPALEED
to analyze electrons diffracted alothg- X, i.e., thek, direc-

. curring atky/krx=2mn/D with n=+1,+2,.... These are re-

at'Y, we can summarize our results as produced for several coverages in Fig. 3 and allow us to
0/ 12 ) determine the average stripe separation D with an accuracy
E =Eq(T) + ﬁ_<_x + ﬁ) ) of better than five percent. Combining D with the experimen-
'm0 . m,/)’ tal oxygen coverage, the geometry parameter L and | follow
. . immediately. -
with m,=(0.43+0.03 m and m,=(0.26+0.03 m, respec- Photoelectron spectra have then been taken aroufat Y
tively. a striped surface witl®,=0.4 and L=18.5 A. Along ¥I'

A qualitative interpretation for the observed amsotropmws observe a well-defined parabolic dispersion with an ef-
surface state dispersion is easily presented. One reason ftive massn'/m=0.26+0.04. in perfect agreement with

course is the anisotropic su_rface ge_ometry Wilﬁg@ point _ m;/m:0.2610.03 obtained from clean Cii0). However,
group symmetry. The physical origin of the anisotropy is

given by an inspection of the origin of the Shockley state. It2S t0 be expected, the bottom of the parabola & $hifted
resides within a bulk band gap located aroundlthe. bulk ~ Upward in initial state energy frorl;=-0.41 eV (clean to
Brillouin zone direction. The projection of this gap onto the —0.34 eV. Spectra measured witj=k, along Y-S are
(111) surface is isotropic, and the resulting surface state apshown in Fig. 4 for a sample with L=19 A. The initial state
pears around” on the C111) surface with one effective €nergy isk;=-0.35 eV, which is accurate to +15 meV, and
mass ofm’/m=0.44+0.03. The surface state aroundisy he FWHM is 0.12+0.01 eV at YThis result can be com-

supported by just the same bulk band gap, which, however, &red with the data obtained by Bertel and LehmaRrom

now projected onto the CIi10) surface. In consequence, its tgelr OSFZ)ZCU\? shé)wn In Fig. ? of Ref. f8* we mtgrpo:]ate
diameter along ¥-Sis identical to that on G@.11), and the . . eV and a FWHM of 0.19 eV for L=19 s The

i , ' origin of this apparent discrepancy is quite obvious: the an-
effective masses are indeed equal ontX1d) and CU110.  jar acceptance is specified in Ref. 8= +2°, as com-

Along Y-T the bulk gap diameter is shortened by the pro-pared to +0.7° in the present investigation. Hence, the spec-
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Cu(llo)(éxl)o ‘ SPALEED Cu(110)(2x1)0, striped
striped _ =04 =194
1% alongI' - X ¥-5 =79 A
om0 - D=8 A
T~ T i -

Y
—_ R RN ¢=13°
g \]\ = M‘”VM%-K'MM " ¢= 12°
g5 6=015 ﬂ E o~ m =11
7 o o IR st z’%“-‘\""‘*\w\ ¢="7
g o= 0.37 / D=T764 | MW(.,»\\\*_ $=6
’5 Wm’*—(?"\'* 9=5
VMWWI#?./\\‘M_\‘—‘- ¢: 40

=018 D=724 | Wm*”ﬁi%(ﬁ:g:
-0 \__D-mh e N
S b N L

-0.8 -06 -04 -0.2 00 02
0=0.291 D=65A Initial state energy [eV]
20 15 10 5 0 5 10 15 20 FIG. 4. (Non-dispersion of the surface state along-$ be-
ky [% SBZ] tween Y(¢=0°) and ¢=12°, where it leaves the projected bulk

FIG. 3. Low-energy electron diffraction patterns taken from theZzaerlzd+%a$0around YPhoton energji»=21.2 eV; angular resolution

striped C@110(2x 1)O surface at different oxygen coverag@s
The wave vectok; (in units of the distanceI2X) is oriented per-
pendicular to the stripes. Sample at room temperature; electron k
netic energy 65.8 eV.

dispersion along_\‘gshows that the surface state is 1D as a
consequence of its lateral confinement. No indication is seen
in Fig. 4 for a second peak betwe&=-0.35 eV and the

tra of Ref. 8 integrate over a largé-interval, picking up Fertrf?l energy ?EFO- |de? Itnterfret tr?e E)eak at ;0_?:15_ev
intensity from the upward dispersing branches of the surfac 'Smelfsieonneri?]eelcb?)fir;onz ie lgigarzl Gi}ned(i:craotgsat)l:alpfhe”;igt]e
state band. This gives rise to a larger energy broadening a & cited state is located abote.

also to an upward shift of the peak maximum. In addition, Spectra tak i f about 0.12
the channel width is determined from an independent cover- pectra taken at an oxygen coverage ot about 9.1z, cor-

age calibration using different methods in the two studies. Agesponding to copper stripes with L=73 A, show parabolic

the quantum size shift is quite pronounced at the corresponéj—ISperSIon along both the x and y directions, with effective

: : : - masses equal within error bars to the results from clean
ing channel widths, a difference of only 90 meV indicates a . . . e
reassuring consistency_ofihe two studies. Cu(110, i.e. my—0.26 m andm,=0.46 m. Within the model

of an electron confined in the 1D box along X, this result
To take spectra along T, the sample was rotated by the must be interpreted by the fact that now many levels contrib-
polar angled around the manipulator axis. To detect elec- o Their spacing is so small that they cannot be resolved
trons along Y-S the sample was additionally rotated by the individually. Moreover, however, the parabolic dispersion
azimuth angle¢ around the surface normal and the polaralongk, gives clear evidence that the photoexcitation matrix
angle § was increased accordingly to localize on the  element is strongly dependent &p Obviously atk,=k,=0
Y -Sline. We indicate the experimental angiein all spec- only the ground state of the electron in the box is observed.
tra shown in Fig. 4. The zero is chosen to meeaty)=0. With increasing, (andk,=0) the higher-lying box states are

An inspection of Fig. 4 clearly demonstrates the absenc&§uUbsequently contributing to the photocurrent. This then

of dispersion along ¥ S up to ¢=~15°. Beyond that angle, m|m_|cs a parabolic dispersion. — —

we observe an apparent shift and simultaneously a loss of Figure 5 reproduces data taken along §from a sample
intensity. Both effects result from the fact that the surfacewith L=32 A. At Y (¢=0°) we resolve one peak at
state approaches the edge of the projected bulk band gdp=-0.38 eV. With increasing rotation angk, i.e., with
around ¢~16° and couples to the underlying bulk bands.increasing distance from Y a second peak around
We reach at the unique conclusion that the surface state.=-0.15 eV gains intensity. It survives longer than the peak
around Y shows parabolic dispersion along-Y', even on at —0.38 eV, until finally neaty)=17° the edge of the under-
copper stripes as narrow as L=18.5 A with an unchangedying bulk band gap is approached and both lose intensity
effective mass as compared to clear(Tl). The absence of rapidly. We note that no dispersion is resolved within our
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Cu(110)(2 x1)0O %, striped  Y-§ Cu(110)(2 x1)O, striped Xei
n L=32&11 % . Y-S A L =46
AN ¢=4 Xel oo
- W l=284 |n *_“ ST 1=26A
= .'«.\ P Ty 'n,_ 3 . 1
LA TN | | =T s ~.,
=6 7 """"‘-a K AR kS i
AN M | 157 5N N
p=5 FA™ (3 MV« - S T in
S, - \ e g =1 A
R A 4 Poptin, : Tran. T
S el '.\“\__ b » . £ | ¢=2 IO
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S 10=3 fA e ¥ 13 R e YR EE0
ﬁ > : * -~ b — o ..' S -,
3} ¢ 2° l’:,”‘“’*‘\““.~ MJ \" g '—M—(zh—-ﬂpa—.—'ﬁ/": E ”"'N“""‘\-.‘____
g [=2 A g=12" /% \ g " PR
S :.l}.i\\ﬁ"\._ "W\w“\.\ E ¢: 2 i : 1\‘\\\
N "\\. N .,f. s\ hae SN
9=0" 75N hapcatliFAN %\ E
o 0’;0 “. .‘M—-—- ‘? =10° ,"'l, &s Ny
2:,‘; ‘M‘ :i \‘5« -":.." E2\
| fos P e [ = 9° /. Ny
o= AN, M’ 2 N
o T ! | M,
0=3 S B \.,,,,_,./ “-\N 08 06 04 02 00

Initial state energy [eV]
-08 -06 -04 -02 00 -0.8 -0.6 -04 -0.2 0.0

Initial state energy [eV] Initial state energy [eV] FIG. 6. The same Fig. 5, but for a sample with L=46 A. The
o bottom curves show the difference spectrum obtained by subtract-
FIG. 5. Surface state spectra taken alongSrfrom a surface  ing the =0° spectrum from theh=-6° spectrum after appropriate
with L=32 A. Note that intensities are not drawn to scale, but arenormalization of intensities &;=-0.4 eV.
exaggerated for higher azimuthal angltdo make weak features

better visible. Photon enerdyw=8.3 eV (Xe l). h_zki
Ei=Eo(T) +( a(L) ) 3

accuracy. Data taken along_—\lT reveal a well-defined

parabolic dispersion with m :Q.26 m in agreement \;nere E.(L) represents the 1D quantized statés

with our rgsults on clean @u10). Finally, we present results =1,2,3,..) on a Cu stripe of width L.

along Y-Sfor L=46 A in Fig. 6. Now again we resolve one  The Shockley state on the striped (€T0)/O surface has

clear peak aE;=-0.39 eV aroundp=0° i.e., at Y. Asecond been studied already in Ref. 8. Photoemission spectra taken

and third peak develop intensity with increasiggat initial  just at Y show, besides the expected peak from the bottom

state energies around —0.28 and 0.11 eV, respectively. Alsg =k =0) of the surface state parabola, additional narrow

in this case the parabolic dispersion along the Cu stripes "Féatures on the low binding energy side of the surface state

equal to that obtained for the clean sample. peak. These are clearly resolved for coverages between
We summarize our experimental results as follows. Alongo 13(L=54 A) and 0.22(L=38 A). In the spectrum ob-

Y-T the dispersion is the same for all geometries betweemained at L=48 A(®,=0.16 the additional peaks are lo-

L=18.5 A andL— with my—(O 26+0.03 m and the en- cated atE;=-0.34 eV,-0.23 eV andwith less certainty at

ergy dependencézky/(Zrlly) However, due to the lateral -0.11 eV. At®=0.19(L=42 A) all peaks are slightly up-

confinement along & —S), the bottom of this parabola Ward shifted. None of these peaks has ever been detected in

shifts upward toEg. The corresponding energy values areour present study at Yalthough we started a careful search,
summarized in Fig. (8. We observe 1D behavior for with different photon energies betwediw=8.3 eV and
18.5 A<L =60 A, with additional quantum levels resolved 21.2 eV. On the other hand, our results like those presented
betweenL~30 A and 50 A. Only the ground state=1) is  in Figs. 2-6 were safely reproduced with different photon
observed with significant photoemission intensitykat0,  energies and after various sample preparations. The data
k,=0. With increasingk, the secondn=2) and third(n=3) from Ref. 8 were taken at T=100 K, where the experimental
quantum -well states appear in the spectra. We did not anavidth at the bottom of the parabola on clean(CL0 is

lyze their intensity in detail, since in our experimental ar-below 70 me\A2while an experimental FWHM of 126 meV
rangement a light incidence anglend therefore the degree was resolved in Ref. 8. Our data were taken at T=300 K,
of light polarization and k, vary simultaneously, and this where we resolved a FWHM of 82 meV on clean(C10),
makes any interpretation of intensity verslds uncertain. in perfect agreement with 86 meV observed in an earlier
Following Eqg.(2), the surface states on the striped surfacehigh-resolution study? How can we explain the apparent
with 18.5 A<L <60 A may be described as discrepancy? The additional peaks reported in Ref. 8 appear

155303-5



BERGE-et al. PHYSICAL REVIEW B 70, 155303(2004)

120 Cu(110)(2 xi)O striped 0.1 | Kronig-Penney-Calculation
© o n=
R BB 0.0 b
L 40 =
by -0.1 n=3
B 90 2 i
I
0 ® 0.2
350 8 Vo=0.7eV
300 ks 03 e L=46A
E 250 1 1=26 4
& N % 0. - 0.05 0.1 0.15
e R . . . .
N . iy [1/4]
= 100
50 | (b) FIG. 8. Energy eigenvalues calculated from the 1D Kronig-
Penney model with a well depth &f;=0.7 eV. The geometry pa-
160 | & rameters L and 1 correspond to Fig. 6.
§ S be explained quantitatively by the energy eigenvalues of the
infinite guantum well of size L, where
= 120 P finite 1D quant Il of size L, wh
1 o e _h e
= 100 R En= 5= s (4)
ot el mL
80 1 (o) ¢

andm’ is the effective mass observed on the flat(ZL0)
surface. This formula fails to explain our data, giving too
large energy spacings. Obviously the electron wave function
extends considerably into the quantum barrier created by the
Cu-0 stripes. To obtain a more realistic description we have
therefore made some calculations using the Kronig-Penney
calculated withVy=0.7 eV.(b) Energy differencee,—E; in its de- mOO,'e" ConSiSting_ of a 1D periOd?c array O,f reCtangu"'flr, po-
pendence on L(data points and a result of the Kronig-Penney ter]t|al wells of width L and barriers of wu_:ith | and f|.n|te
model calculation (solid line, Vy=0.7 e\ (c) Experimental helghtvo. L and | are taken from the.experlment, the .lnter-
P action of the surface state electron with the substrate is sum-
marized by using the experimental parametéfandrrﬁ, see
at almost the same initial state energies as the quantum-wefg. (3) for a definition. Therefore only/, can be adjusted to
states observed in our study |at>0. Hence, the features the experiment as a free parameter. As suggested already in
could have been detected under the experimental conditiorigef. 8 an upper limit for the well deptkl, can be derived
of Ref. 8, if there was a sample misalignment by about 3%om the difference of the Yurface-state position on clean
(rotation about thd'-Y axis). This possibility, however, can Cu(110) and on the oxygen-saturated @10)(2 X 1)O sur-
be ruled out. An examination of LEED photographs takenface. This estimate yield¥,=1.1 eV. A lower limit results
during the earlier studysafely exclude a misalignment ex- from the difference in the work function between the two
ceeding 1°. Furthermore, the structures detected in Ref. §,rfaces, givingvy=0.4 eV. We have therefore chosafy
were more distinct than those seen in the present study, de.7 ev as a compromise and with this parameter we obtain
spite the lower resolution in the previous experiment. This, reasonable overall description of our experimental results.
clearly hints toward a different mechanism giving rise to thejngeed one should not expect thagis constant for 1D lev-
photoemission features. We remain with the conclusion thag|s confined in a box of variable width L: At large L, the
the differences between the results from Ref. 8 and thgyrface state lies rather close to the bottom of the projected
present work must result fr_om t_he different sample temperap |k band gap. With decreasing L the surface state shifts
tures. We come back to this point later. upward, thereby the spatial extension into the bulk changes,

_The quantum-well states show no dispersion aléng and the influence of the confining oxide potential varies con-
within the error bars. This indicates almost complete CONtinuously.

finement and only weak coupling between adjacent Cu A typical result, showing the calculated 1D states in an
stripes. Such a situation was also reported for the Shockle¥ytended zone scheme, is reproduced in Fig. 8. These levels
state around” on Au(111) terraces of the vicinal A789 correspond to those observed in Fig. 6. The calculated shift
surface? On the stepped Al 11) surface the energy spacing of the n=1 state i€€;—E;=0.03 eV, somewhat larger than
betweenE, and E; [compare Eq(3) for a definitio] could the experimental value of 0.02 eV. A smaller value \Gf

200 30 40 50 60 70 80

FIG. 7. (a) Energy shiftE;(L)-Ey as a function of stripe width
L, compare with Eq(3) for a definition. Experimental data points
are compared to result of the Kronig-Penney mogsllid line)

FWHM of the surface state peak atas a function of L.
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would improve the agreement. However, the calculated enbetween a two-dimensional Bloch state in the superlattice
ergy splittingE,—E;=0.09 eV is in good agreement with the and an ensemble of one-dimensional, decoupled quantum
experimentalE,-E;=0.10 eV. Also, the theoretical value well states. In the former case, the angle dependence of the
E3—-E»=0.15 eV(E; is indicated in Fig. 6 by an arrows  photoemission yield is governed by the extension of the SBZ
consistent with the experiment. Calculated and experimentajf the superlattice, as discussed in Ref. 8. In the latter case,
data obtained for other values of L are shown in Figs) 7 the analysis of Mugarzat al5 applies, yielding the results
and {b). Given the fact that a Kronig-Penney-type rectangu-gpserved in the present study. In principle, the balance can be
lar potential with depth/, is a severe simplification, we can tipped in favor of the 1D case by two different effects: first,
state that the calculations describe all experimental trendg slight disorder with regard to the channel width could give

quite well. o rise to a 1D localization. However, considering the LEED
We have also analyzed the linewidth(FWHM) of the  nattern obtained in the present stugee Fig. 3, we con-
n=1 peak at Yin its dependence on L. The results are sum-cjude that the stripe pattern was at least as well developed as
marized in Fig. {c). For L—o we obtainI'=87 meV at in the previous work. Second, temperature is an important
300 K, in excellent agreement with earlier d&taAt  parameter in such borderline situations. The coupling energy
L <40 A the widthT" increases, by up to a factor 1.6 at L t across the oxide stripes is obviously weak, and if kT be-
=21 A. This effect may be explained quantitatively if we comes comparable to t, a breakdown of the coherent cou-
consider that L is not constant everywhere but may vary byling has to be expected. Given the fact that the measuring
one chain distance_=5.1 A. The concomitant shift &;,  temperature in the present study was three times as high as in
leads to the broadening by integration over regions with difRef. 8, it is actually not surprising that the present data indi-
ferent L. Therefore our data give no hint that the observedate incoherent emission from 1D states, whereas coherent
broadening could be due to L-dependent lifetime effects oemission from a 2D state was observed in Ref. 8. The higher

the photohole. _ _ ~ features reported in Ref. 8 are observable abriy due to
Finally, we have to explain why at ¥nly theE,; peakis  coherent scatteringUmklapp processes. Obviously, if the
observedE, andE; are seen with significant intensity only phase coherence is destroyed, Umklapps lose their signifi-

along Y-S, i.e., at(k,=0,k,>0). An interpretation for the cance and the corresponding features atidappear.
analogous effect observed for laterally confined states on In conclusion, the assumption of a temperature-dependent
stepped A(111) has been presented recently by Mugaeza decoupling of the quantum well states is consistent with all
al.®> These authors have made an estimate of the photoemisbservations reported so far. It indicates that kT is of the
sion matrix element and the corresponding intensiy). order of the coupling energy t at about 300 K. Also, for the
They show thatl(k,) essentially describes the probability higher oxygen coverages the two studies of the striped
density|(k,)|? of the confined electron wave functighin ~ Cu(110)/O surface agree to within experimental error limits.
reciprocal space. For the limiting case \6§— =, i.e., the  For this case the presence of incoherent 1D quantum well
infinite 1D quantum well of size Ly is known and one can states is concluded already at 100 K. Thus, the present data
derive a formula forl(k,). If we apply this formula to our indicate that the striped O/CL10 surface is a compara-
experiment at L=32 A, th&, state is predicted to be intense tively simple model system, where temperature-induced
between about $=5.5°(k,=0.08 A1) and ¢=16°k, coherent-incoherent transitions can be studied without com-
=0.25 A™Y). An inspection of Fig. 6 shows surprisingly good Pplications, arising from insufficient control over structure
agreement with the experiment. Similar agreement is foun@nd chemical composition, which generally mar measure-
for other values of L. We remind the reader that this modefments in more complex systems. Such studies are of general
assumegV,—») a complete decoupling of the individual relevance, as coherent-incoherent transitions occur in a wide
guantum well states, i.e., an incoherent contribution of eaciariety of technologically important materials ranging from
confined(1D) surface state to the observed photoemissiorfondo systems to high-temperature superconductors.
intensity. On the other hand, we have seen that the Kronig-

Penney model describes the data better than the isolated- ACKNOWLEDGMENTS
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