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Temperature-dependent angle-resolved photoemission study
for quantum-well states in Ag nanofilms
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We have performed a temperature-dependent photoemission study for quantum-well state¢4lify Ag
nanofilms grown on C11) substrate. It is found that the linewidths of both quantum-well state and surface
state broaden and their intensities decrease with increasing a temperature from 40 to 350 K. The linear
temperature dependence of the linewidths of both states are explained as the temperature dependence of the
phonon contribution to the photohole lifetime width, expressed a&k&T. It is found that the electron-
phonon mass-enhancement paramgetéor quantum-well states is almost the same with that for surface state
and an average over the bulk Fermi surface. The temperature dependence of the intensities have been discussed
using the standard Debye-Waller factors. It is found that the effective Debye temperature derived from the
quantum-well state is higher than that from the surface state, suggesting different properties of phonon states
coupled to each electronic staf&0163-182809)13435-(

[. INTRODUCTION as the phonon contribution to the photohole lifetime width.
From this dependence, we have derived the electron-phonon

Metallic nanostructures have attracted considerable intetnass enhancement parameter. It is also found that the QW
est, since the multilayers composed of alternating ferromagstates exhibit losses in peak intensities with increasing tem-
netic and nonmagnetic metals show the intriguing physicaPerature. We analyzed the temperature dependence of the
properties such as an oscillatory magnetic coupling and #tensities using the standard Debye-Waller factor. We ob-
giant magnetoresistanée® Connected with these physical served similar dependence for .photoemlssmn of the surfage
properties, the quantum-welQW) states have been studied state._Fro.m these res_ults, we discuss the electron-phonon in-
in various metallic nanofilms grown on metallic substrates.eraction in Ag nanofilms.
Especially, angle-resolved photoemission spectroscopy and
angle-resolved inverse photoemission spectroscopy have Il. EXPERIMENTAL DETAILS

been used as the powerful tools to observe the QW states in prepared Ag nanofilms by molecular-beam epitaxial

metallic nanofilms. From these spectroscopic mea}suremen /BE) method using the JPS-10ANELVA Co.) MBE sys-
it has bgen found tha't the QW statg shows two-dimensiongh y, \yhich is connected directly to the ARUPSAGG. Sci-
electronic structure with no dispersion along surface normapitic Co) photoelectron spectrometer.  Ag nanofilms were
direction, and |ts_e|genvalue depends on the film th'Ck”esﬁrepared on OW1Y) single-crystalline films with a thickness
and the electronic structure of the substfatd. The QW o 30 nm grown on a $111-7x7 surface. In the present
state originates from the quantum confinement effect on thgystem, the C111) film acts as the substrate supporting the
itinerant valence electrons due to the electronic bandag nanofilms. Firstly, the initial $111) single-crystalline
structure mismatch between the nanofilm and the substrateubstrate was chemically treated using Shiraki’'s method be-
The binding energies of QW states in many systems ar¢ore loading into the ultrahigh-vacuuyHV) system. Un-
found to be well characterized by the calculation based omler the UHV in the MBE chamber a (@il1) single crystal
the phase accumulation modéft?which takes into account was annealed at 1150 K to remove the oxide layer, and then
the phase shifts upon reflections of electron at both interfacese obtained the clean @il1)-7x7 surface. Secondly, a
of nanofilm. However, in order to elucidate the intriguing Cu(111) single-crystalline film with a thickness of 30 nm
properties of metallic nanostructures in detail, it is indispenswas grown onto a $111)-7X7 clean surface at room tem-
able to understand entirely their electronic structures, phonoperature. The thus-deposited (@) film was subsequently
properties, and electron-phonon interactions. annealed at 420 K to enhance the film uniformity. Finally, a
Up to now, most of the electron spectroscopic studies folAg nanofilm was grown onto this Ci11) film at room tem-
metallic nanofilms are limited to the eigenvalues of the QWperature and subsequently annealed at 420 K. Both Cu and
states, but to our knowledge, there is no report that highlighté\g were evaporated from 3-kW electron-gun evaporators.
the dynamical properties such as the electron-phonon inteBoth deposition rate were 0.01-0.005 nm/sec monitored by
action. In this paper, we have carried out a temperaturecalibrated quartz thickness monitor. The pressure during the
dependent photoemission study for QW states in Ag nanodeposition was kept in the 18 Pa range. The surface clean-
films grown on Cl1l) substrate so as to elucidate the liness and the structure of the initial($11)-7X7 substrate,
electron-phonon interaction in Ag nanofilms. The photoemis-Cu(111) film and the Adg111) nanofiim were checked by
sion linewidths of the QW states broaden with increasingAuger electron spectroscopy and low-energy electron dif-
temperature and their dependence is linear. This is explainddaction (LEED) measurements. Both the Cu film and Ag
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FIG. 1. Temperature dependence of angle-resolved photoemis-

sion spectra at normal emission for Ag nanofilm with a thickness oforeviously? the binding energy and quantum numbyenof
5.0 nm measured with the He | resonance lihe€21.2eV). The —€ach QW state are well characterized by the phase accumu-

temperature is indicated on each spectrum. lation method;**?which takes into account the phase shifts
of the electron wave function on the reflection at both inter-
nanofilm exhibit sharp X1 LEED patterns, indicating epi- faces of Ag nanofilm. In this model, the total phase change
taxial growth along th¢111] direction and excellent surface during a round trip within the Ag nanofilm should be equal
quality. to an integer times 2 From the calculation based on the
The thus-prepared samples were transferred into the phghase accumulation model, the observed peaks at 0.40 and
toelectron spectrometer through the UHV chamber withou.67 eV in Fig. 1 correspond to the QW states with the quan-
exposure to air. The angle-resolved photoemission measurém number oh=1 and 2, respectively. As shown in Fig. 1,
ments were performed with the He | resonance lites ( the linewidths of both QW states broaden and their intensi-
=21.2eV) as the excitation source. The base pressure of tiies decrease with increasing a temperature. The surface state
photoelectron spectrometer was also in the %1Pa range. also exhibits a similar temperature dependence to QW states.
The sample temperature was varied between 40 and 350 Khis observation for the surface state on Ag nanofilm con-
using a closed-cycle He refrigerator equipped with a carfirms again the previous results of temperature-dependent
tridge heater. The total instrumental energy resolution waghotoemission study for bulk Ag11).'* Moreover, it is also
50 meV. The acceptance angle of the hemispherical analyzé&pund that the angle-resolved photoemission spectra for the
was +2°. The angle-resolved photoemission spectra showe&gd nanofilms with 3.0 and 6.0 nm show a similar tempera-
no change in the course of the measurements. The Ferrilire dependence.
level of the sample was determined by comparison with a In order to see more clearly the temperature dependence
gold reference. of the linewidth for each sample, we plot the observed line-
width of the QW stategwith n=1 and 3 and surface state
as a function of temperature in Fig. 2. As shown in Fig. 2, it
seems that the linewidths of QW states and surface state
Figure 1 shows the temperature dependence of angléacrease linearly with increasing temperature. In general, the
resolved photoemission spectra at normal emission geometphotoemission linewidth can be expressed as a linear combi-
measured for Ag nanofilm with a thickness of 5.0 nm. Thenation of the lifetime widths for the photoelectron and pho-
intense peak just below the Fermi level originates from thetohole. Smith, Thiry, and Petrdffhave reported the theoret-
Shockley-type surface state on Ad4.1) and its binding en- ical expression of photoemission linewidths for different data
ergy agrees well with the previous results of photoemissioracquisition modes; energy-distribution cur¢eDC), con-
studies for bulk Ag111) clean surfacé® The sharpness of stant initial-state spectrum, and constant final-state spectrum.
this peak, as well as the sharp LEED pattern, reflects th&he theoretical linewidth for EDC mode in normal emission
good crystallinity of the present system. In addition, finegeometry indicates that the measured linewidth is identified
structures are observed at 0.40 and 0.67 eV in binding enwith the lifetime width for the photohole left after photo-
ergy. From the detailed thickness-dependent skifdipe en-  emission when the initial-state group velocity component
ergy positions and energy intervals of these fine structuresormal to surface is zer@hat is, the two-dimensional elec-
change systematically with nanofilm thickness. Thereforetronic state with no dispersion along surface normal direc-
these fine structures originate from the QW states due to thigon). As reported previousl® the QW state and the surface
guantum confinement effect on Agp valence electrons. In state show no dispersion along the surface normal direction
the present system, the potential well confining the pg and are two-dimensional electronic states. Therefore, the ob-
valence electrons is formed by the band gap albrg di-  served linewidths of both QW state and surface state directly
rection of Cy11l) substrate and a potential barrier associ-reflect the lifetime widths for the photoholes left after pho-
ated with the image potential at the vacuum side. As reportetbemission.

Ill. RESULTS AND DISCUSSION
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The valence photohole mainly decays through the Auger In order to estimate the electron-phonon mass enhance-
process, phonon scattering and defect and/or impurity scatnent parametex for each state, we have carried out a linear
tering. According to the Landau theory of Fermi liquids, thefit to the experimental data by the least-squares method. The
photohole lifetime width due to the Auger process is preitting lines to the experimental data are shown in Fig. 2. The
dicted to be a quadratic dependence on enerByEf)?,  fitting lines reproduce the experimental dependence fairly
whereEg is the Fermi level. At finite temperature, the addi- well. For a Ag nanofilm with a thickness of 3.0 nm, the
tional temperature dependent term must be taken into agsarameters. obtained from the fits are 0.31.02 and 0.15
count, so this Auger decay contribution to the lifetime width -9 91 for the QW state with=1 and the surface state,

i — 2 27 15
is expressed ad’e.e=2B[(mkgT)"+(E—Ef)7]."™> HOow-  regpectively. For a thickness of 5.0 nm, the obtained param-
ever, the theoretical temperature dependence of Auger dec@yers\ are 0.12-0.01. 0.13-0.02. and 0.1%0.01 for the

for Ag is less than 1 meV in the relevant temperature regiorbw state withn= 1, with n=2, and the surface state, respec-
between 40 and 350 K. The defect and/or impurity scatteringyely For a thickness of 6.0 nrfnot shown in Fig. 2 the

contribution is proportional to their concentration but inde- jpiained parameters are 0.13-0.02, 0.10:0.02, and 0.12
pendent of temperature. Therefore, we considered that the 51 for QW state witm=1, with n=2, and surface state,
dominant temperature-dependent contribution to the lifetimgagnectively. These results indicate that the electron-phonon
width is associated with the phonon scattering as describegyss enhancement parameters are almost same for each QW
below. The lifetime width due to phonon scattering can begiate and surface state. Moreover, it is found that these values
expressed as are almost the same as that given by Grimkhich is an

" average over the Fermi surface0£0.13 from completely

re_p=2wﬁf "o’ a?F(0)[1-f(o— ') +2n(w) different methods. _

0 Recently, Matzdorf, Meister and Goldmddrhave re-

ot o] ) porteq a linear temperature dependence of the photoemission
' linewidths for surface states on Ad1) and Cy100 and

wherew is the phonon frequencys?F (o) is the Eliashberg Nave discussed the electron-phonon coupling ofsijpdike
coupling function,f(w) is the Fermi-distribution function, Shockley state and-like Tamm state. According to this pa-
andn() is the Bose-Einstein distribution functidfin the ~ Per, the experimental electron-phonon mass-enhancement

high-temperature limit, Eq1) reduces to parameters for the Shockley state and Tamm state are
’ A=0.14+0.01 and 0.020.02, respectively. As is well
Tep=2mAkgT 2) known, the Shockley state extends its wave function several

atomic layers deep below the surface but the Tamm state

with the electron-phonon mass-enhancement paramefer essentially localizes within the outermost layer. Matzdorf,
Therefore, the linear temperature dependence of the observddkister, and Goldmann have concluded that the difference of
linewidth originates from the phonon scattering contributionthe electron-phonon mass-enhancement parameter for each
to the photohole lifetime, expressed by Ef). state originates from the different spatial extent of each state.

In addition to the above intrinsic lifetime width, the ex- In an analogy with the previous discussion, it is conjectured
trinsic width due to the inhomogeneity of nanofilm thicknessthat the QW state in the present system couples more weakly
should be considered for the observed linewidths of thd¢o phonons than the bulk state and shows a smaller electron-
present QW states, since the binding energies of QW statgghonon mass-enhancement parameter than the bulk state. In
depend on the nanofilm thicknes#doreover, it should be addition, the surface state localizes in the surface region and
considered that the energy position of QW state relative tds consequently expected to show a smaller electron-phonon
the substrate band gap influence the observed linewidth. Thmass-enhancement parameter than that for QW state. How-
QW state with a binding energy close to the band-gap edgever, the present electron-phonon mass-enhancement param-
of the substrate has long decay length into the substrate as aters for the QW state and surface state show no significant
evanescent state, and then exhibits bulklike electronic struddifference, and agree well with an average over the bulk Ag
ture. For bulklike transitions, the photoemission linewidth isFermi surface. Therefore, we believe that the electronic
mostly generated by the momentum broadening along sustates with their spatial extent more than several atomic lay-
face normal direction. Of course, the observed linewidth als@rs show almost the same electron-phonon mass-
includes the instrumental width due to the finite energy ancdenhancement parameter as the bulk state. This suggests that
angular resolutions. The total observed linewidth can be exthe lateral extent of the wave function may dominate the
plained by the combination of the intrinsic lifetime contribu- electron-phonon interaction, because the wave functions of
tion and extrinsic contributions discussed above. It is quitdbulk states, QW states, and surface states extend to a same
complicated to discuss these contributions independenthspatial extent in directions parallel to surface.
However, the above extrinsic contributions to linewidth are The QW state originates from the quantization of the pa-
independent of the temperature and only the intrinsic lifetimaental bulkspvalence bandt(k, ) along thel'-L direction in
contribution depends on the temperature. Therefore, theeciprocal lattice space and each QW state specifies the cor-
temperature-dependent change of the observed linewidttesponding E, k, ).° This indicates that we can discuss the
originates from that of the intrinsic photohole lifetime width. binding energy and wave-vector dependence of the electron-
We focus here the temperature dependence of the phongrhonon mass-enhancement parameter of each QW state. In
scattering contribution and discuss the electron-phonogeneral\ depends on binding enerdyand wave vectok.
mass-enhancement parameter through the experimental tein-the present study, no significant dependence on the QW
perature coefficient of the linewidth. state eigenvalue is observed. In other words, no significant
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' coupled to QW states might be characterized by the bulk
phonon states, since the QW states extend their wave func-
tion whole layer of Ag nanofilm. On the other hand, the
— Dotye Tem 285K surface state localizes in the surface region and consequently
5 Surece sate couples dominantly to the phonon state at the surface region.
In the surface region, the lattice property is modified due to
surface phonons and enhanced lattice vibrations. This sur-
face lattice property is expressed by a surface Debye tem-
perature, which is smaller than that of the bulk phonon.
Therefore, it is considered that the different damping rate
with temperature of the QW and surface state are qualita-
0 200 tively explained as the different “effective” Debye t
Temperature (K) ively explained as the different “effective” Debye tempera-
tures of bulk phonon state and surface phonon state. For a
FIG. 3. Temperature dependence of the intensi@splitudes ~ Ag nanofilm with a thickness of 3.0 nm, the effective Debye
at peak positionfor QW states and surface state on Ag nanofilmstemperaturesd, obtained from the fits using Eq3) are
with the thickness of 3.0 and 5.0 nm. The short-dashed, Iong:|_26i 12 and 74:7 K for the QW state witm=1 and sur-
dashed, and dotted lines show the fits the experimental data ce state, respectively. For the thickness of 5.0 nm, the ob-
Debye-Waller theory. Temperature dependence predicted by . ' ' ' '
Debye-Waller factor with the bulk Debye temperature of 225 K isqunedG)D arg 10210, 97:8, and 684 K for the Q\.N state
with n=1, with n=2, and surface state, respectively. The

also shown by solid line. - ;
present effective Debye temperature derived from the surface

dependence of andk, is observed. The QW states in the Staté agree well with the previous report by Eaniagal.”
present system originate from trep valence band of Ag In Fig. 3, the temperature dependence predicted by Debye-
within the small region of whole Brillouin zon@bout 10%  Waller factor with the bulk Ag Debye temperature of 225 K
of I'-L wave vector around. point).> Therefore, no signifi- (Ref. 18 is also shown. The effective Debye temperatures
cant dependence of electron-phonon mass-enhancement (@t the QW states in both samples are much smaller than the
rameter orE andk, is observed. bulk Ag Debye temperature. In addition, the effective Debye
Finally, we discuss the temperature dependence of thtemperatures for the surface states on both samples are also
photoemission intensity for each state. The temperature deauch smaller than the typical surface Debye temperature of
pendence of the intensities are shown in Fig. 3. As shown in150 K determined by previous LEED stutfyThis suggests
Fig. 3, the peak intensities for both QW state and surfaceghat the standard Debye-Waller factor does not quantitatively
state decrease with increasing temperature. It is consideregkplain the present temperature dependence and it is neces-
that this decrease of peak intensities is due to the increase géry to consider additional contributions in the photoemis-
transition involving electron-phonon scatteringhonon-  sjon process. In order to fully discuss the experimental tem-
assisted indirect transitionin this indirect transition pro- perature dependence of the photoemission intensity, a
ggiséghaecgvjs\,{[?cveﬁ(t)?lr()ﬁschraer;%ﬁ?nth?r?ut%g zrgésrzg’:eoéfagi?grauantitative interpretation that pays attention to the overall
transition intensipt,y. The ,probabilit%/ of the phonon-assisteg\é}\llecnon_phonor-l coupling, _such .dsdependlent_ Debye-
. - ; X aller factor, different thermal lattice properties in the bulk
indirect transition is determined by the occupation of phonorhnd surface regions, and the modification of the initial and

states. This causes a decrease of direct transition-peak imel’ﬂﬁal states by electron-phonon couplitand resulting pho-
sities with increasing temperature. The decrease of the dire emission matrix elementetc., would be necessary.

transition can be described by the Debye-Waller factor an
the photoemission intensity can be expressed as

-
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3ﬁ2|Ak|2 IV. SUMMARY

Mkszo ' ) We have performed a temperature-dependent photoemis-
sion study for quantum-well states in g1 nanofilms.

in the high-temperature limit, wher®l is the mass of an The linewidths of both the quantum-well and surface state
atom,®p is a Debye temperature, aidk is difference inthe broaden and their intensities decrease with increasing tem-
wave vector which here is equal to a reciprocal lattice vectorperature from 40 to 350 K. The linear temperature depen-
The fitted curves to the experimental data using By.are  dence of the linewidth is explained as the temperature depen-
shown in Fig. 3. The short-dashed, long-dashed, and dottedience of the phonon contribution to the photohole lifetime
lines correspond to QW state with=1, withn=2, and sur-  width, allowing the discussion about the electron-phonon
face state, respectively. The calculated curves by using thmass-enhancement parametén Ag nanofilms. The experi-
fit-parametei® (the “effective” Debye temperatujeseem mental electron-phonon mass-enhancement parameters for
to reproduce the experimental data well. In Fig. 3, an imporquantum-well states ane=0.10-0.15 with no considerable
tant point to note is that the intensities of QW states decreasgependence on the film thickness and the binding energy.
more slowly with increasing a temperature than the surfacdhese are almost the same as that for Shockley-type surface
state. This indicates that the effective Debye temperature cftate and also agree well to an average over the bulk Ag
the phonon states coupled to QW states are higher than thoBermi surface. The temperature dependence of the intensity
coupled to surface state. The properties of the phonon statéss been discussed using the standard Debye-Waller factor.

I=1,exp(—bT) with b=
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