
Comparative angle-resolved photoemission study of Ag nanometer films grown on fcc Fe(111)
and bcc Fe(110)

Hiroyuki Sasaki,* Akinori Tanaka,† Shoji Suzuki, and Shigeru Sato‡

Department of Physics, Graduate School of Science, Tohoku University, Aoba-ku, Sendai 980-8578, Japan
(Received 8 March 2004; revised manuscript received 11 June 2004; published 23 September 2004)

A comparative study of the electronic structures of Ag nanometer films on pseudomorphic metastable fcc
Fe(111) and bulklike bcc Fe(110) substrates has been carried out to investigate their quantized electronic
structures. From low-energy electron diffraction and angle-resolved photoemission spectra, it has been con-
firmed that Ag nanofilms on both substrates grow in fcc[111] direction under optimized growth conditions.
The photoemission spectra of both Ag nanofilms exhibit spectral features due to quantum-well(QW) states
derived from the Agsp valence electron. The nanofilm-thickness dependences of the binding energy of QW
states are reproduced with calculated results based on a phase accumulation model. From the angle-resolved
photoemission measurements, the effective mass of QW states along the direction parallel to the nanofilm
surface were directly determined. From these results, we discuss the quantized electronic structures in Ag
nanofilms grown on both bcc Fe and fcc Fe substrates.
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I. INTRODUCTION

The physical properties of metallic nanostructures have
attracted much interest because of various distinct physical
properties due to quantum confinement effects. In particular,
multilayers composed of alternating ferromagnetic and non-
magnetic metals show intriguing phenomena, such as giant
magnetoresistance and oscillatory magnetic coupling.1,2

From photoemission studies for the noble-metal nanofilms
deposited on ferromagnetic transition-metal substrates, it has
been reported that the spin-polarized quantum-well(QW)
states in nonmagnetic layers mediate the exchange coupling
between ferromagnetic layers.3 In order to fully elucidate the
coupling mechanism in these metallic multilayers, it is also
indispensable to consider the detailed electronic coupling be-
tween nonmagnetic- and transition-metal layers. Photoemis-
sion and inverse photoemission spectroscopy have been used
to study the quantum size effect on the electronic states in
metallic nanofilms,3–13 but to our knowledge, there is no re-
port of a comparative study to date that highlights differ-
ences of QW states in noble-metal nanofilms on transition-
metal substrates with different structures. Furthermore, most
of these earlier studies were limited to noble-metal nanofilms
deposited onto bulk(or bulklike) substrates. Bulk Fe under-
goes a phase transition from a body centered cubic(bcc)
phase to a face centered cubic(fcc) phase at 1184 K. On the
other hand, the epitaxial growth of both bcc and fcc Fe films
has been observed on Cu(100) and(111) clean surfaces.14–18

From previous reports for the growth mode of Fe on
Cu(111), Fe grows in the metastable fcc phase for the first
several layers and transforms into the bulklike bcc phase for
more deposition.15–18 It has been also reported that the film
morphology shows a complex dependence on growth
temperature.17 Therefore, we can control the structure of Fe
substrates by varying their thickness and growth tempera-
ture. In the present work, we have prepared Ag nanofilms
with various thicknesses on fcc and bcc Fe substrates and
carried out angle-resolved photoemission measurements.

From these results, we discuss the quantized electronic states
in Ag nanofilms grown on these Fe substrates.

II. EXPERIMENT

The Ag nanofilms and Fe substrates were prepared by
molecular beam epitaxy(MBE) using a JPS-100(ANELVA
Co. Ltd.) MBE system connected directly to an ARUPS 10
(VG Scientific Co. Ltd.) photoelectron spectrometer. The
substrates used in the epitaxial growth were Si(111) single
crystals. After a chemical treatment by Shiraki’s method,19 Si
wafers were loaded into the ultrahigh vacuum(UHV) cham-
ber. Sis111d-737 clean surfaces were obtained by annealing
at 1150 K under UHV. First, a Cu(111) seed layer with a
thickness of 30 nm was deposited onto a Sis111d-737 clean
surface at room temperature and subsequently annealed at
450 K to enhance film uniformity. Next, Fe films with two
different structures were deposited onto this Cu(111) seed
layer. It has been reported that the metastable fcc phase
transforms to the bulklike bcc Fe at the critical Fe thickness
of about 0.5 nm on Cu(111) substrates at room temperature
and this critical thickness increases with higher growth
temperature.17 We prepared the pseudomorphic fcc Fe(111)
substrate using 0.8 nm-thickness deposition at 403 K,
whereas a bcc Fe(110) substrate was obtained by
4.0 nm-thickness deposition at 90 K with subsequent anneal-
ing at 420 K. Finally, Ag nanofilms on these substrates were
deposited at 90 K and subsequently annealed at 420 K. All
the materials were evaporated from 3 kW electron-gun
evaporators and all deposition rates were
0.005–0.01 nm/sec as monitored by calibrated quartz thick-
ness monitors. The pressure during the deposition was kept
in the 10−9 Pa range. The surface cleanliness and structure
were checked by Auger electron spectroscopy and low-
energy electron diffraction(LEED).

The thus-prepared samples were transferred into the pho-
toemission chamber through the UHV chambers without ex-
posure to air. Angle-resolved photoemission measurements
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were performed with He I resonance lineshn=21.2 eVd as
the excitation source. The base pressure of photoelectron
spectrometer is in the 10−9 Pa range. The total energy and
angular resolutions were about 65 meV and ±2.0°, respec-
tively. All photoemission measurements were recorded at a
sample temperature 40 K using a closed-cycle He refrigera-
tor. The angle-resolved photoemission spectra showed no
change in the course of the measurements.

III. RESULTS AND DISCUSSION

A. Ag(111) nanofilms grown on fcc Fe(111) substrate

Figure 1(a) shows angle-resolved photoemission spectra
at normal emission geometry, measured for Ag nanofilms
with various thicknesses grown on metastable fcc Fe(111)
substrates. The spectrum for fcc Fe substrate is also shown.
Broddeet al. have reported the photoemission spectra for a
5 ML-thick fcc Fe(111) film deposited onto a Cu(111)
substrate.18 These spectra are almost reproduced by the band
calculation for fcc Fe.20 The spectral features of the present
fcc Fe(111) substrate are similar to this previous report18 and
quite different from those of bcc Fe(110) (Sec. III B.). More-
over, clear hexagonal LEED patterns are also observed. It is
reconfirmed that the metastable fcc Fe(111) substrate has
been obtained in this study. The spectrum for the Ag nano-
film with a thickness of 11 nm is almost identical with pre-
viously reported spectra for Ag(111) thick nanofilms5,6,21,22

and for a bulk Ag(111) clean surface.23,24 From these previ-
ous reports, the intense spectral feature just below the Fermi
level is assigned to the well-known Shockley type surface

state at theḠ symmetry point of the surface Brillouin zone
(SBZ). The existence of this surface state, as well as a sharp
LEED pattern, implies a good crystallinity. As shown in Fig.
1(a), the additional fine structures are observed at higher
binding energy in the normal emission spectra for thinner

nanofilms. As shown in Fig. 1(b), the binding energies of
these spectral features shift to lower binding energies and the
energy intervals between them decrease with increasing Ag
nanofilm thickness. From the analogy to previous works for
Ag(111) nanofilms grown on Cu(111) substrates,6,21,22 it is
concluded that these fine structures originate from QW states
due to quantum confinement on Agsp valence electrons. As
shown in Fig. 1, the present QW states are observed in the
binding-energy region between about 0.3 and 0.8 eV. The
binding energy of theL edge of the Agsp valence band is
about 0.3 eV. Binding energy of 0.8 eV corresponds to the
binding energy of theL28 point of fcc Fe.20 Therefore, the Ag
sp valence electrons are reflected at the Ag nanofilm/fcc Fe
substrate interface because of the band mismatch along the
direction normal to nanofilm surface. As shown in Fig. 1, the
lowest binding-energy peaks converge to theL edge energy
of the Agspvalence band. This gives direct evidence that the
QW states are derived from the AgL1 sp valence band.

In order to theoretically describe these experimental re-
sults, we have calculated the eigenvalues of QW states based
on a phase accumulation(PA) model.25,26 The quantization
condition for the existence of the QW states is given by

2kd+ FB + FC = 2np, s1d

where k is electron wave-vector component normal to the
nanofilm surface,d is the nanofilm thickness,n is quantum
number, andFB andFC are the phase shifts on the reflection
of electron wave functions at nanofilm-vacuum and
nanofilm-substrate interface, respectively. Here,k is deter-
mined by the energy dispersion of parental Agsp valence
band. The dispersion of AgL1 sp valence band alongG-L
direction based on the nearly free-electron two-band model
is expressed by

FIG. 1. (a) Angle-resolved photoemission
spectra at normal emission geometry for Ag
nanofilms with various thicknesses, grown on fcc
Fe(111) substrate, excited by the He Ishn
=21.2 eVd resonance line at 40 K. Thickness of
Ag nanofilms are indicated for each spectrum.(b)
Nanofilm-thickness dependence of the binding
energies of quantum-well(QW) states for Ag
nanofilms grown on fcc Fe(111) substrate. Solid
circles represent experimental data. Solid lines
are the calculated results of QW states withn
=1–3 by thephase accumulation(PA) model.
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with kL =1.33 Å−1 is a wave vector atL point of Ag(111),
VG=2.08 eV is the Fourier component of the crystal poten-
tial of Ag corresponding to a half of the hybridization gap,
andm* =0.74me is a effective mass of electrons in this va-
lence band. The phase shiftFB on the reflection of electrons
by the image potential at the Ag nanofilm surface is repre-
sented by

FB = pS 3.4seVd
ÎEV − E

− 1D , s3d

whereEV =EF+4.49 eV is the vacuum level of the Ag(111)
surface, using the WKB approximation.27

The Ag valence electrons in the present system are re-
flected by the mismatch of hybridization gaps between the
Ag nanofilm and fcc Fe substrate at their interface. The
phase shiftFC is determined by the relative energy position
within the hybridization gap of the substrate, and is given by
the empirical formula as follows:26

FCsEd = 2 arcsinF E − EL

EL − EU
G 1

2
− p, s4d

whereEL =0.79 eV andEU=−6.3 eV are the binding ener-
gies of the lower and upper edge of the hybridization gap of
the fcc Fe substrate from the band calculations.20 The calcu-
lated results shown by solid lines in Fig. 1(b) mostly repro-
duce the experimental data. However, small deviations are
found between experimental results and calculated ones es-
pecially for the thinner nanofilms. As discussed later, a pos-
sible reason for this deviation is related to electronic hybrid-
ization effects between the QW states and the electronic
states in the substrate.

Figure 2(a) shows angle-resolved photoemission spectra
measured for the Ag nanofilm with a thickness of 2 nm

grown on a fcc Fe(111) substrate along theḠ−M̄ high sym-
metry line of SBZ, as excited by He I radiation at 40 K.
From these spectra, it is found that the QW state with quan-
tum numbern=1 shift toward the Fermi level with increas-
ing photoelectron emission angle. This indicates that the QW
state has in-plane energy dispersion. We also plot the in-
plane dispersions of this QW state in Fig. 2(b). The solid line
in Fig. 2(b) is the result of a least-squares fit to each experi-
mental data using parabolic functionE=E0−2"ki

2/2mi
* ,

whereE0 andmi
* are the binding energy at theḠ point and

the in-plane effective mass, respectively. From this fit, we
can derive the in-plane effective mass of QW state. We also
carried out angle-resolved photoemission measurements

along theḠ−K̄ high symmetry line. These dispersions are
identical because parental Agsp valence band is isotropic
around the L point of BZ.

The in-plane effective masses of QW states are plotted as
a function of nanofilm thickness in Fig. 3. In our previous
study for the Ags111d /Cus111d system, the in-plane effective
masses of QW states are aboutmi

* /me=0.35–0.45 and are

FIG. 2. (a) Angle-resolved photoemission
spectra for the 2.0 nm-thick Ag nanofilm grown
on fcc Fe(111) substrate. The polar emission
angles with respect to the surface normal are in-
dicated on each spectrum.(b) In-plane dispersion
of the QW state in the Ag nanofilm with a thick-
ness 2.0 nm. The solid line represents the result
for the least-squares fit to experimental data.

FIG. 3. The nanofilm-thickness dependence of in-plane effective
mass of QW states obtained from least-squares fits to experimental
data.
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identical with those of the parental bulk Agsp valence
band.22 In this study, it is found that the in-plane effective
mass of the QW states are identical with those in the
Ags111d /Cus111d system for thickers.4.0 nmd nanofilms.
On the other hand, in-plane effective masses are enhanced
for thinner nanofilms. For similar thickness, the binding en-
ergy of QW states also show deviation from the calculation
using the PA model. One possible origin of the enhancement
of in-plane effective mass is considered to originate from an
in-plane confinement effect due to the finite domain size of
nanofilms. However, the present Ag nanofilms exhibit the
sharp LEED patterns. Furthermore, the photoemission inten-
sity of the surface state decreases with increasing the photo-
electron emission angle, indicating that the surface state on
the present nanofilm surface disperses upward across the
Fermi level with increasing the wave vector parallel to the
surface similar to bulk Ag(111) surface.28 Therefore, Ag
nanofilms have sufficiently large domain size and such a
three-dimensional confinement effect is considered to be
negligible. Another possible candidate for such an effect is a
hybridization effect with more localized states with larger
effective mass. From the angle-resolved photoemission mea-
surement for the present pseudomorphic fcc Fe(111) sub-
strate, we confirmed that the Fe 3d derived valence band
with a small dispersion exists in the binding energy region
where the QW states are observed. Therefore, it is considered
that this enhancement in the in-plane effective mass of QW
state originates from a hybridization effect between the QW
state in the Ag nanofilm and the 3d-derived electronic states
in the fcc Fe substrate at their interface. Indeed, in our pre-
vious Ags111d /Cus111d system, where the hybridization ef-
fect between QW state and localized Cu 3d-state would be
excluded, no enhancement of in-plane effective masses was
observed even for thinner nanofilms. The nanofilm-thickness
dependence of the in-plane effective masses would be re-
flected in the degree of hybridization effect with the elec-
tronic states of substrate.

The influence of the substrate electronic structure on the
dispersion of quantized states in thinner nanofilms has been
studied in the various systems.7,8,10–13 The tight-binding
analysis for the Cu/Cos100d system by Johnsonet al.7 has
suggested that these hybridization effects are enhanced as the
nanofilm becomes thinner. They also concluded that the en-
hancements of in-plane effective masses originated from in-
terfacial hybridization effects between QW states and the
substrate. These theoretical approaches would be necessary
in order to analyze the present nanofilm-thickness depen-
dence of the in-plane effective masses quantitatively.

B. Ag(111) nanofilms grown on a bcc Fe(110) substrate

Figure 4(a) shows angle-resolved photoemission spectra
at normal emission geometry for Ag nanofilms of various
thicknesses grown on bcc Fe(110) substrates. The spectrum
for bcc Fe(110) substrate is very similar to that for bulk bcc
Fe(110) surface.29 Clear LEED images similar to previous
report16 are also observed. Therefore, it is considered that the
bulklike bcc Fe(110) substrate is obtained. In the spectra for
Ag nanofilms, the features derived from the Shockley surface
state are also observed. It is confirmed again that the Ag
nanofilm grow on the bcc Fe(110) substrate in the[111] di-
rection according to well-known Nishiyama-Wassermann ep-
itaxial relationship.30 Similar to the Ags111d / fcc Fe(111)
system, the fine structures derived from the QW states are
also observed. Figure 4(b) shows the nanofilm-thickness de-
pendence of the binding energy of QW states. We also cal-
culated the eigenvalues of QW states in the present
Ags111d /bcc Fe(110) system by the PA model as described
above. However, the quantum confinement regime is slightly
different from the Ags111d / fcc Fe(111) system. In the fcc
Ags111d / fcc Fe(111) system, the symmetries of electronic
states in the nanofilm and substrate along the normal direc-
tion are identical. Even for fcc(100)-phase nanofilms on
transition-metal bcc(100)-phase substrates, such as

FIG. 4. (a) Angle-resolved photoemission
spectra at normal emission geometry for Ag
nanofilms with various thicknesses, grown on bcc
Fe(110) substrate, excited by the He Ihn
=21.2 eV resonance line at 40 K. Thickness of
Ag nanofilms are indicated for each spectrum.(b)
Nanofilm-thickness dependence of the binding
energies of QW states for Ag nanofilms grown on
bcc Fe(110) substrate. Solid circles represent ex-
perimental data. Solid lines are the calculated re-
sults of QW states withn=1–5 by the PA model.
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Ags100d /bcc Fe(100) (Ref. 9) and Ags100d /Vs100d
systems,8 the physical situations are similar, and their elec-
tronic states have the identical symmetry(D symmetry). In
the present system, however, the growth directions of the Ag
nanofilm and the Fe substrate are fcc[111] and bcc[110] and
this leads to the different symmetries of electronic states;
namely,L andS symmetry, respectively. Furthermore, it has
been reported that Ag(111) and bcc Fe(110) have a large
anisotropic lattice mismatch.30 It is considered that the Ag
valence electron is mostly reflected at the Ag-bcc Fe inter-
face due to the completely different symmetries of the elec-
tronic states along the normal direction. This situation would
lead to a simple assumption, the phase shiftFC=−p at all
binding energies. The solid lines of Fig 4(b) are the results
obtained from Eq.(1) and reproduce the experimental data
well. From these results, it is considered that Agsp valence
electrons are reflected almost completely at the nanofilm-
substrate interface due to the difference of the symmetries of
the electronic states.

Figure 5(a) shows angle-resolved photoemission spectra
measured for the Ag nanofilm with a thickness of 4.0 nm

grown on a bulklike bcc Fe(110) substrate along theḠ−M̄
high symmetry line, excited by He I radiation at 40 K. In the
same way as the Ags111d / fcc Fe(111) system, we obtained
the in-plane effective masses of QW states from least-square
fits [Fig. 5(b)]. We plot the in-plane effective mass as a func-

tion of the binding energy atḠ point in Fig. 6. It is found that
the dependence of the in-plane effective mass on the binding
energy is mostly consistent with that derived from the bulk
band calculation31 (shown as a solid line in Fig. 6.) and
seems to be independent of the nanofilm thickness. This
means that the in-plane effective masses of QW states are
equivalent to those of the parental valence bands, although
3d electron bands with much larger effective mass also exist
in the Fe substrate in the binding-energy region where the
QW states are observed. In the Ags111d / fcc Fe(111) system
(Sec. III A.), the QW states in nanofilm hybridize with elec-

tronic structure of substrate for thinner nanofilms because the
both nanofilm and substrate have the same symmetry of their
electronic states. In contrast, the crystalline structures of
nanofilm and substrate are different in Ags111d /bcc Fe(110)
system, leading to different symmetries of the electronic
states. Therefore, it is considered that the electronic coupling
between the QW states and the electronic states of substrates
is quite small. Consequently, in-plane effective masses of
QW states are not enhanced from those of Ag bulk band even
for thinner nanofilms. As discussed above, the calculation
using the PA model taking into account this “hard wall at
interface” assumption also reproduces the experimental re-
sults. Therefore, it would be also indispensable to take ac-
count into their physical structures in order to discuss such a
hybridization effect between QW states in nanofilms and
electronic states of substrates.

IV. SUMMARY

A comparative angle-resolved photoemission study for Ag
nanofilms on pseudomorphic metastable fcc Fe(111) and bcc

FIG. 5. (a) Angle-resolved photoemission
spectra for the 4.0 nm-thick Ag nanofilm grown
on bcc Fe(110) substrates. The polar emission
angles with respect to the surface normal are in-
dicated on each spectrum.(b) In-plane dispersion
of the QW states in the Ag nanofilm with a thick-
ness 4.0 nm. The solid lines represent the results
for the least-squares fits to experimental data.

FIG. 6. In-plane effective mass of QW state as a function of the

binding energy atḠ point. The solid line represents calculated re-
sults for bulk Ag(Ref. 31).
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Fe(110) substrates has been carried out in order to investigate
their quantized electronic structures. From angle-resolved
photoemission measurements for various nanofilm thick-
nesses, we observe fine structures originating from quantum-
well (QW) states of Agsp valence electrons. We analyzed
the binding- energy dependence of these QW states on nano-
film thickness by calculations based on the phase accumula-
tion model especially taking into account differences in the
phase shifts at the Ag-Fe interface. From detailed angle-
resolved photoemission measurements, it is found that in the
Ags111d / fcc Fe(111) system the in-plane effective mass of
QW states are enhanced especially for thinner nanofilms. It is
concluded that this enhancement of in-plane effective mass is
originated from the electronic hybridization effect between
QW states in Ag nanofilm and 3d-derived electronic states in
the fcc Fe(111) substrate. On the other hand, in the
Ags111d /bcc Fe(110) system, the in-plane effective masses
are almost identical with those in bulk Ag, although 3d bands

of the Fe substrate with larger effective masses exist in the
energy region where the QW states are observed. It is con-
sidered that the electrons in nanofilm are completely re-
flected at nanofilm-substrate interface because their crystal-
line structures(leading to the symmetries of electronic states)
are different. From these results, it is concluded that it is
essential to take into account not only the electronic struc-
tures of substrates but also their physical structures in order
to discuss QW states in nanofilms.
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