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In-plane dispersion of the quantum-well states of the epitaxial silver films on silicon
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In-plane dispersion of the quantum-well sta{€AVS’s) associated with the electron confinement in meta-
stable epitaxial Ag films grown on the Si(111X7 and Si(001)X 1 surfaces is investigated by angle-
resolved photoemission using synchrotron radiation. In contrast to the free-electron-like behavior expected,
these QWS'’s show intriguing dispersions sucHias significant enhancement of the in-plane effective mass
with decreasing binding energy afid) a splitting of a QWS into two electronic states with different disper-
sions at off-normal emission. Such unexpected electronic properties of a QWS are obviously related to the
substrate band structure. Further the QWS splitting is explained by the energy-dependent phase shift of the
film-substrate interface occurring at the substrate band edge.
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I. INTRODUCTION into two subbands with different dispersions at off-normal
emission in Ag/Si001). The origins of such unexpected be-
Over the past decade, the quantum-well Sta@#/S's) haviors are discussed in terms of the substrate electronic
associated with the electron confinement in thin metal filmsstructure affecting the phase shift at the film-substrate inter-
on various solid substrates have attracted considerabléce.
interests:™> QWS'’s are important not only in studying low-
dimensional physics but also for the present and future Il. EXPERIMENTS
magnetic/electronic device applications through, for ex-
ample, the oscillatory magnetic coupling and the giantI
magnetoresistancé:® While a large number of studies have et
been devoted to QWS'’s in metal films ometal substrates,
little is known about those on semiconductosubstrate 2!
This is due partly to the difficulty of growing epitaxial metal
films, which are indispensable for any QWS study, on
semiconductor substrate. However, it has been found r
cently by scanning tunneling microscog$TM) and low-

The experiments were performed on the vacuum ultravio-
beam line BL-7B(Research Center for Spectrochemistry,
the University of Toky® at Photon Factory, Japan. The de-
tailed experimental setup and the procedures for the sample
preparation are the same as reported béfdrke epitaxial
£\9(111) films were prepared on the Si(001)2 and
«2i(111) 7X 7 substrates by evaporating Ag at 120 K and an-
nealing subsequently up t0300 K®7?4-2The LEED pat-

energy electron-diffractiofLEED) studies that epitaxial €MS exhibit only sharp Ag(111)41 spots for both Ag/

metal films can be formed metastably on semiconductor sub>!(00D and Ag/Si111) as shown in the insets of Figs. 1 and
strates, for example, the ABLD films on the GaA&L10) 2223 4. This indicates the complete formation of well-ordered and

Si(111), %% and S{001) (Refs. 26—28substrates. Such films smooth Ag films over the whole surface. The film thickness
are formed when Ag is deposited at a sufficiently low tem-I" the present stugy is given in terms of a(Agl) monolayer
perature below 130 K and a mild annealing up to 300—400 K1 ML=1.39X 10"° atoms/crfi). All ARPES spectra of the
is followed®722-28The existence of QWS's within such Ag Ag(11)) films were taken at 120 K using linearly polarized
films has been verified by photoemission spectros€opy. Synchrotron radiation at the photon energigs’s) of 22.7,
We recently investigated the QWS's of the @g) films on  10-3, and 9.3 eV. The Ealectron emission angléss) and
Si(001) in detaif and found that the binding energiks of photon incident angle&;’s) are refe_rred to the surface nor-
these QWS’s are described well by the standard model using@l- Each spectrum shown below is normalized to the inten-
the phase accumulatién. §|ty above the Fermi leveHg), which is proportional to the

In the present paper, we further investigate the in-plandncident photon flux.
dispersion[E(k;)] of the QWS'’s of the A¢l11) films on
Si(111) and S{001) with angle-resolved photoelectron spec- [l. RESULTS AND DISCUSSION

troscopy(ARPES using synchrotron radiation. Despite the . .
success of the simple theoretical description of the QWS Figure 1 shows a series of ARPES specira for the 16-ML-

binding energies in the AG11)/Si(001) systen? the in-plane thick Ag(113) film grown on S|(111)_$<7. The spectrg were
dispersion of the QWS'’s exhibits a significant deviation fromtaken athv=22.7 eV along thg 101] axis of the Si sub-
the simple free-electron-like behavior expectédThe strate, which corresponds Io-M line of the Ag(111)1x 1
ARPES results show a significant enhancement of the insurface Brillouin zone(SBZ) (see the inset of Fig.)1 A
plane effective mas:g*,) with decreasindeg of a QWS in  Ag(11l) surface statédenoted as S3s observed just below
both Ag/S{111) and Ag/S{001), and a splitting of a QWS E."*°The dispersing QWS's are identified in a similar way
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FIG. 2. The gray-scalé€g-k; diagram for the 16-ML-thick
Ag(11)) film on a Si{111) substrate along thg1l01] axis of the
substrate taken from the ARPES scanshat=22.7 eV shown in
Fig. 1. In this diagram the sign-inverted second derivative of the
photoemission intensity is plotted, where the brightness roughly
corresponds to the photoemission peak intensity above the back-
ground signal. The surface Brillouin zon&B2) of the Ag111)
surface and the ARPES scan directitime arrow are also indicated
in the figure. The dashed lines are the parabolic fits of the QWS
Binding Energy (eV) dispersions as explained in the text.

FIG. 1. ARPES spectra for a 16-ML-thick ALl film on a

Si(111) substrate taken along t§@&01] axis of the substrate. The the fitted value ofm* is 0.5Im, (m,; the free electron
LEED pattern(at an electron energy of 125 ¢\And the surface § for then=1 QWS but d to OrR6 f —6
Brillouin zone of the Ag111) surface are shown in the upper right mas$ for then=1 Q ut decreases 1o G for n=6.

. i . .
part with the ARPES scan direction indicatéde arrow. The pho- Flgure 3 summarlzes the,* values as a funqtlon o,
ton energy bv) used is 22.7 eV and photon incident angt) is which are obtained from the above parabolic fits to the

45°. The step in the emission anglé.) is 1° between the neigh- ARPES data for the 16-ML-thick Ag film on 8il1). The
boring spectra. The peak positions of a(Atf) surface statéde- ~ results from the 14-ML-thick Ag films on 801 (see be-
noted as Sgand different quantum-well states assigned are markedoW) and on Ci111) (see Ref. 2pare shown for comparison
with different symbols. together with the bulk Ag dafi (the solid line in Fig. 3
While m* of the QWS’s of Ag/S(11]) increaseswith de-
to the previous QWS studies on metal substradtésThe creasingE,, that of Ag111)/Cu(111) decreasesnonotoni-
experimental dispersion curves for the spectral features olzally in clear contrast® That is, the relationship between
served in Fig. 1 are shown as the gray-sdajek, diagram m* and E, clearly exhibits an opposite tendency for the
in Fig. 2. In this diagrami* the spectral intensity is approxi- Cu(111) and S{111) substrates. The corresponding results
mately represented by the brightness through taking the seéar the QWS's of Ag/Si001) is described in detail below.
ond derivative of each spectrum, which is then mapped into The above results lead to a surprising conclusion tthat
the k; axis. In Fig. 2, one can clearly identify the parabolic in-plane band structure of a thin Ag film depends on its sub-
dispersions of the QWS's. The dashed curves are the paratrate In order to confirm this statement further, we have
bolic fits, E(k,) =h?k,*?/(8 w?m*) + E,, (E, is the binding  performed similar ARPES measurements for the 14-ML-
energy at normal emission &{=0 andm;* is the in-plane thick Ag(111) film grown on the Si(001)X 1 substrate. The
effective masp which are expected to be a good approxima-study of the Ag111) ultrathin film growth and the QWS's on
tion for smallk, values?® Here, the fitting is performed for Si(001) was reported in detail previousiyFigures 4—7 show
Eo, and m* in the k;, range from—0.2 to 0.2 Kl 1tis  the corresponding ARPES spectra and the gray-sEgi,
obvious that the simple parabolic fits match very well with diagrams taken at various photon energies of 2Eigs. 4
the experimental data. In addition, it is also found that theand 5, 10.3(Fig. 7), and 9.3 eMFigs. 6 and Y. The ARPES
size of in-plane dispersion decreases monotonicélly., scans are performed along tHeLO] axis of the Si001) sub-
m,* becomes largerwith a decrease of the QWS binding strate. Since the &l01) substrate has a double-domain 2
energy. That is, the dispersion curve of tire 6 QWS obvi- X1 surface, the A@1]) film grows in two different orien-

ously has a larger curvature than thatnef 1. For example,
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FIG. 3. In-plane effective massn*, in ratios to the free-
electron massn, as a function of the QWS binding energy lgt
=0 for the Ag11)) film on the S{111), Si(001) and Cy111) [Ref.
20] substrates. The solid line at the bottom panel is the estimated
values of the A¢l11) bulk. The dashed lines are the guides for
tracing the experimental data. The shaded areas correspond to the
substrate valence-band region. Solid circles, squares, and diamonds
in the middle panel represent the data takehiat 22.7, 10.3 and
9.3 eV, respectively.

Intensity (arb. units)

tations rotated 90° from each other. Thus, th&0] axis cor-

responds to both’-K andI'-M lines of the two different
Ag(111)1X 1 SBZ's(see the inset of Fig.)4However, since
the in-plane dispersion of the Agp band is isotropic within Binding Energy (eV)
the limitedk, range probed, these two overlapping SBZ lines
do not cause any significant ambiguity for the following data FIG. 4. Similar to Fig. 1 but for ARPES spectra of the 14-ML-
analyses. The apparent differences between the ARPES spéfick double-domain AgL1Y) film on a S{00D) substrate. The spec-
tra taken with different photon energiégigs. 4 and b are tra were taken along thiel10] axis of the Si002) substrgte_ahy
due to the matrix element effectthe energy- and =22.7 eV. and at the photon incident anglﬁ)(of 45° as indicated
k-dependent cross sectjoof the photoemission procegﬂs by the white arrow on the LEED pattern in _the upper right part. The
discussed before the drastic difference of the photoemissiowa‘:k arrows indicate the observed splitting of the quantum-well
cross section is mainly due to the qualitatively different pho—States(See tex.
toemission fina}l state%SimiIe}r to Figs. 1 _and_2, the Ag1l) E, reaches~0.5 eV for then=1 QWS. In Fig. 3, there is a
surface state is observed just beld in Figs. 4-7. As tendency that then* values obtained ahv=22.7 eV are
noted in Figs. 47, while the QWS a=1 follows a normal  gjigptiy |arger than those obtained frdm=10.3 and 9.3 eV
parabolic d|§|cier5|on, the=2 QWS splits into two subbands o Ag/Si(001). This is a systematic experimental error due to
atk;~0.1 A™%; one band disperses to a lower binding en-the instrumental angular resolution, which becomes poorer at
ergy in a roughly parabolic manner but the other to a slightly, higher photoelectron kinetic energy. In spite of such an
higher Eg . In Figs. 5 and 7, the dashed curves are the paragror, the tendency afn* is clearly shown to be invariant
bolic fits to the experimental dispersions. The parabolic fitmong three different photon energies. Tie2 QWS of
match well with the experimental data for the QWS'Srof - Ag/sj(001) exhibits a largely different effective mass from
=1,3, 4, and 5. For the=2 QWS, we performed the para- those of other QWS'’s, which must be the influence of its
bolic fit for the lower-energy subband only at 0.2A>k;  splitting mentioned above. As evident in Fig. 3, the in-plane
>0.1A Y and 0.2 A"'<k,<—0.1 A"? since around”  dispersion of QWS is obviously and significantly
the energy positions of loweEg subband are not clear and different among the different substrates, (Cll), Si(111),
the higherEg subband shows a completely different disper-and S{001).
sion. This splitting will be discussed further below. Although the Agsp valence electrons are confined and
In order to summarize the different band dispersions ofjuantized one dimensionally along the film normal in a thin
the QWS’s of the A¢l1l) films among the different sub- Ag(111) film, the in-plane dispersioiE(k;) is expected to
strates, let us now return to Fig. 3. In the case of AQGD), remain unaltered from those of a bulk Ag metal. For a bulk
m,* monotonically increases &%, decreases down t60.6 ~ Ag(111) metal, E(k,) is isotropic but the size of the disper-
eV, in qualitative consistency with the case of Agi3il).  sion becomes smaller with increasig due to the finite
However, them,* value becomes significantly smaller when hybridization with the 4 states at higher binding enerdfy.
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FIG. 5. Similar to Fig. 2 but for the 14-ML-thick double-domain

Ag(11Y) film on the S{001) substrate along taken from the ARPES

spectra shown in Fig. 4.
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FIG. 6. Similar to Figs. 1 and 4 but for the 14-ML-thick double-
domain Ad111) film on Si001) along the[110] axis at hv
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FIG. 7. Similar to Figs. 2 and 5 but for the 14-ML-thick double-
domain Ad11)) film on Si(001) taken from the ARPES spectra
shown in Fig. 6(bottom paneland from a similar set of spectra at
hr=10.3 eV, which is not shown heféop pane).

That is,m;* of the sp band increases witkg as quantita-
tively estimated by Mier, Miller, and Chiand® (see the
solid line in Fig. 3. Such amm* tendency of the Ag bullsp
band was inferred to explain that of the QWS'’s in the Ag/
Cu(111) systent® However, this is apparently not compat-
ible to the present ARPES data of the Ag(®i1) and Ag/
Si(111) QWS's, which exhibit a completely opposite trend of
m,* with respect toEg .

A change of the in-plane dispersion might be possible due
to the lateral strain of the grown film, which is naturally
expected for a smooth film on a substrate with a finite lattice
mismatch®2 However, while the relaxation mechanism of the
strain still remains to be studied, the lattice constants of
Ag(11)) films on S{111) and S{001) are reported to be very
close to that of the bulk Ag metal with only few percent
differences’?"?8 Within the tight-binding approximation,
m,* is proportional toa~2y(a) !, wherea is the nearest-
neighbor distance andy(a) is the interatomic matrix
elements? Since fors- and p-like statesy(a) have aa?
dependencé the strain effect onn* | of sp electrons could
only be marginal. Moreover, the strain effect, if any, is natu-
rally expected to be uniform over the whole energy region.
This is obviously not the case with the present results on
Ag/Si(00) and Ag/Si111) QWS’s with a qualitative differ-
ent behavior from that of the Ag bulk and Ag/QdJ).

Another factor to be considered in explaining the anoma-
lous in-plane band dispersion may be the small in-plane co-
herent domain size of the film. However, such lateral size
effect is unlikely since the present A4l film has a
domain size of larger than 200 A as observed by STM and
LEEDS2724-28 which is far beyond the quantum limit

=9.3 eV. The black arrows indicate the observed splitting of theof <50 A3

quantum-well statetsee text

In a recent photoemission study of the Ag overlayers on
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the V(100) surface, Vall@t al. observed a large deviation of corresponding photoelectrons reached0 A at most?
the Ag sp in-plane band dispersion from the free-electron-Which amounts only to-1/3 of the thickness of the present

like behavior® They found that a QWS of 2-ML Ag film has A9(11D films. Thus, the unusual Ag QWS dispersion has to
m/* of as large as 3r, at the vicinity of thel" point and be attributed to the electronic states of the Ag film itself. One

. o : — may suspect that the above splitting may be due to the mixed
m* further changes its sign when moving away frdm  onpibutions from the parts of the Ag films with different
From the similarity between such an unexpected dispersiofickness. This explanation is not plausible either sitize
of the QWS and that of the substrat¢100) 3d band Valla  {he Ag films are shown to be uniform with only 1 or 2 ML
et al. suggested a strong hybridization between these Weeignt variation ii) the expected energy splitting from such
elec_tromc states. Such hybridization with thg sub;trate eleoﬁeight variation is much smaller than obserdédand (iii)
II’OI’IIC’ states may account for the unusual dispersions of thg,o expected dispersion of the QWS’s from a slightly differ-
QWS's observed for Ag/#001) and Ag/S{111). _ent film thickness should still follow the parabolic dispersion
In the case of the Si substrates,spivalence-band maxi- i, contrast to the present observation. Similar splittings are
mum (VBM) onI" exists atEg~0.3 eV for Ag/S(111) and  observed also for the A@11) films on S{001) with different
at Eg~0.6 eV for Ag/S{001).>*~*9The shaded areas of Fig. thickness.
3 correspond to the substrate Si valence-band region below We discuss the peculiar splitting of the QWS'’s observed
the VBM. When a QWS is located inside that energy rangefor Ag/Si(001) in terms of the quantization condition of a
it may interact or hybridize with the substrate electronicQWS within the phase quantization rutdz®10-12.14.15.18-20
states. It seems that the unusual behaviorsngf of Ag/  ¢,,(E,) +2K(E,)d+ ¢ E)=2m(n—1) [n is the quan-
Si(001) and Ag/S{111) occur within such regions. We also tum numberk is the wave vector of the envelope function of
note that then* values of Ag/Si001) and Ag/Cy11l) be-  a Bloch state perpendicular to the surfagés the film thick-
comes similar when the corresponding QWS’s are locategiess, andp,,{E,) or ¢.{E,) is the phase shift at the film-
out of the substrate band region: the=1 QWS of Ag/  vacuum or the film-substrate interface, respectilelfor a
Si(001) hasm*=0.3m, at Eg=0.5eV (see Fig. 3 When QWS at a certain thickness, the dispersion normal to the
the binding energy of the QWS increases to go into the Ssurface,k(E,), depends on the phase shifts. This is very
bulk band regionm;* increases rapidly and then decreasessimilar to what is known for the dispersion of the so-called
gradually. Since the Si bulk bands have strong negative dismage-potential states of clean metal surf&te$hus, if
persions, the increase of QWS effective mass might be natup, (E,) or ¢,.{E,) changes witrk,, then the binding en-
rally expected from the hybridization with the Si bulk bands.ergy of a QWS would depend dx in addition to its own
Then the trend of effective-mass charitie part of “gradual  parabolic dispersion given by the buslp band structure. In
decreaseJ suggests that the hybridization decreases upoparticular, near the edge of the substrate bapggE,) can
increase of the binding energy from the valence-band maxivary drastically between the outside and the inside of the
mum at least around thE point, where the effective mass substrate band, since the reflection at the band gap can be a
was measured. This can also be expected, at least qualitegther perfect reflection as in the case of a hard wall potential
tively, since the density of states of the Si bulk bands debut that at the bulk band cannot be perfect with the finite
creases from the valence-band maximum. However, thg@enetration of the incoming electrons into the substrate bulk
wave functions of the A@11) sp band and those of the band. This discontinuity of the phase shift is expected to
Si(001) sp band are not expected to easily hybridize eachdistort the E(k;) dispersion curve away from the free-
other due to their difference of symmetry, that is; for electron-like behavior, bringing about a splitting or a discon-
Ag(111) andAs, A’, for Si(001). Moreover it is not clear at tinuity of the QWS dispersion at the bulk valence-band edge.
all how the hybridization affects the in-plane band dispersiorBeing consistent with this argument, it can be seen in Figs.
of a film as thick as 14—16 ML beyond the short screening#—7 that the positions of the QWS energy splitting coincide
length within a metala few monolayers at maximurfi>4*A  reasonably well with the upper edge of thé0®il) valence
proper theoretical consideration is highly required for thebands®>~%
band structures of the Ag films on the Si substrates in order To speak more quantitatively, the splitting is observed at
to elucidate the origin of the unexpected substrate-dependekt~0.1 A~! and atEg~0.8 eV for then=2 QWS (Figs.
in-plane dispersions. 4-7). Based on the one-dimensional potential-well md&el,
Another unusual aspect of the in-plane dispersion of thepsud E,) inside the Si valence band is treated as a constant,
QWS’s is the fact that the=2 QWS of Ag/S{001) shows a  which is estimated experimentally to kg, ,~0.77 for the
splitting into two subbands with largely different dispersionsn=2 QWS® Within the band gapes.{E,,) is presumablyr
(see Figs. 4—7 and especially the arrows in Figs. 4 and 6as in the case of a perfect Bragg reflectfdhen, the dif-
Although less obvious, similar splittings can be noticed forference of the phase shift between the outside and the inside
then=3 andn=4 QWS as indicated by arrows in Figs. 4 of the substrate band corresponds to70&nd the phase
and 6. In considering the origin of these split bands, we camuantization rule givesA¢,,{E,)+2 Ak(E,)d=0.3m,
exclude the possibility of observing the photoemission fromwhere A¢,,{E,) and Ak(E,) are the differences of
the substrate surface. This is beca(is¢he recent STM and  ¢,.dEn) andk(E,), respectively, between the outside and
electron-diffraction studié€®~2® showed clearly that the the inside of the substrate band Bi~0.8eV. Since
Ag(11)) film covers the whole terraces of the substrate sur,,d E,) is not expected to depend on the Si band structure,
face uniformly and(ii) the electron mean free path for the the A ¢,.{E,) term should be negligible compared to the
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2AKk(E,)d term. Althoughe,.d E,) is energy dependent, in IV. CONCLUSIONS

principle, which is, however, estimated to_ b(—_} negligibly small  The in-plane dispersions of the QWS's have been exten-
compared 1o the bsfEy) change within the WKB sjvely studied for the epitaxial Ag1l) films grown on
approximatiorf® Ak(E,) is then reduced te-0.015 A"*and  sj(001) and S{111) by angle-resolved photoemission. The
the corresponding=g discontinuity for then=2 QWS is  Qws's show unexpected dispersions that deviate signifi-
estimated to be-0.10+0.04 eV from thek (E;) relation  cantly from those expected from the bulk Ag band. That
obtained previousl§.This value agrees reasonably well with js, a QWS exhibits a splitting into two branches with largely
the observed energy splitting 6f0.13-0.03 eV for then  different dispersions at off-normal emission and the in-plane
=2 QWS (Figs. 4-7. Similar estimations were also made effective massm,*, shows a significant enhancement with
for then=3 and 4 QWS’s in agreement with the observeddecreasing binding energy of a QWS. These behaviors are
energy splittings; 0.13-0.18 and 0.21 eV for=3 and 4, found to be closely related to the substrate band structure and
respectively. These estimations corroborate the idea of thge splitting is discussed in terms of the discontinuity of the
phase-shift discontinuity at the substrate band edge in exeflection phase shift of the Ag/Si interface occurring at the
plaining the QWS splitting at off-normal emission. However, valence-band edge of the substrate. Further investigations
the simple model presented here is not complete enough #uch as proper theoretical calculations are required for the
describe the detailed dispersion of the split QWS as observegktter and quantitative understanding of the peculiar QWS

for the higher energy branch of tle=2 QWS. properties observed presently.
If we assume a similar relationship of the energy and the

phase shift for Ag/SD01) and Ag/S{111), the Eg change of
the QWS at the Si bulk band edge arouigh0.5 eV [the
n=1 QWS of Ag/S{111)] is only —0.03+0.03 eV. Such a I.M. gratefully acknowledges the financial support from
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