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We investigate the quantum-well states �QWSs� of Ag on an Fe-Ni alloy film grown on a W�110� substrate,
using spin- and angle-resolved photoemission spectroscopy �SPARPES�. As the Ni content is increased, the
Fe-Ni alloy undergoes a transition from a bcc �110� structure to a fcc �111� structure at a Ni concentration of
30%. In the bcc �110� region, we found that as the Ni concentration was increased, the binding energy shifted
linearly toward higher binding energy in the QWSs of a thin Ag film, with a maximum shift of 0.4 eV for a Ni
concentration of 30%. Our SPARPES data and phase accumulation model calculation indicate that this shift is
due to electron doping resulting from inserting Ni, which has two more electrons than Fe. In the fcc �111�
region, by contrast, the binding energy shift in the QWSs is barely noticeable, indicating that the potential shift
caused by electron doping is insufficiently large in this region. Moreover, as the Ni concentration is increased,
a decrease in the polarization of QWSs is observed, which can be attributed to the reduced exchange splitting
energy.
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I. INTRODUCTION

The physical property of low-dimensional systems has
been one of the major interests of modern physicists as well
as material scientists because it can be well described with
the basic quantum picture and has many applications in the
material science field. Since the observation of the quantum
size effect in a thin film was reported,1 intense research has
been done on semiconductors into its potential applications
to electronic devices.2–4 A quantum well �QW� is an elec-
tronic state reflected and confined by potential walls. The
conditions for formation of quantum-well states �QWSs� di-
rectly depend on the reflectivity at the interface. Therefore,
perfect reflectivity is acquired when the interface is perfectly
smooth and a band gap exists in each reflector material so
that the electron wave function in the spacer cannot penetrate
across the interface. In addition, QW-like structure �a QW
resonance� can be enhanced without a band gap in the case
of different symmetry between the spacer material and the
reflector material, or interface roughness.5–7

The QWSs in metal films only began to receive signifi-
cant research interest after it was discovered that magnetic
coupling between two ferromagnetic films separated by a
nonmagnetic spacer could give rise to the giant magnetore-
sistance effect.8,9 This magnetic coupling has been found to
oscillate between parallel and antiparallel coupling depend-
ing on the thickness of the spacer materials.10–12 The period
of this oscillation can be modulated by use of alloys instead
of pure metals13 or by changing the orientation14 of the
spacer materials. However, to date no attempt has been made
to modulate the binding energy of the QWSs in these sys-
tems. In research on semiconductors, by contrast, various
attempts have been made to modulate QWSs by changing the
doping conditions or applying an electric or magnetic field.15

In a manner analogous to the doping of semiconductor quan-
tum walls, the QWSs confined in metallic thin films can be
modulated by using alloy films as the wall materials.

Here, we report a spin- and angle-resolved photoemission
spectroscopy �SPARPES� study on Ag QWSs confined by an
Fe1−xNix alloy film epitaxially grown on the W�110� surface.
The binding energy shift and the spin polarization of the
QWSs are taken over the whole range from pure Fe to pure
Ni �0.0�x�1.0�. Moreover, the phase accumulation model
calculation has been obtained to understand the correlation
between the binding energy shift and the electronic structure
of the ferromagnetic material as the potential wall.

II. EXPERIMENT

The experiments were performed at the U5UA undulator
beamline at the National Synchrotron Light Source of the
Brookhaven National Laboratory.16 The SPARPES data were
collected using a 50 mm hemispherical analyzer coupled
with a low-energy diffuse scattering spin polarimeter. The
total energy resolution was about 100 meV and the angular
resolution was about 2°. The base pressure was
5�10−11 torr. Fe and Ni were coevaporated onto the W�110�
surface using a dual e-beam evaporator at 400 K. The total
pressure was kept below 1.5�10−10 torr during film deposi-
tion. Sharp low-energy electron diffraction �LEED� patterns
were acquired for all binary alloy compositions, ensuring
epitaxial growth of the film. The deposition rate was cali-
brated with a quartz crystal monitor. The thickness of the
alloy films was maintained at 12–15 Å for all compositions.
In the case of the thicker films, on the other hand, the LEED
patterns showed less sharp intensities, which indicated that
the roughness of the films is increased. Ag was evaporated
on the alloy film by thermal evaporation at liquid nitrogen
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�LN2� temperature and postannealed at room temperature to
avoid island growth. All QWS data were also collected at
LN2 temperature. The spin-resolved measurements were per-
formed in magnetic remanence. A magnetization pulse was

applied in the in-plane direction between the �001� and �11̄0�
crystallographic directions of W�110� to magnetize the
sample. The two orthogonal in-plane components of the po-
larization vector were measured simultaneously by our spin
detector.17 All spectra were taken at normal emission with a
photon energy of h�=40 eV.

III. RESULTS AND DISCUSSION

Figure 1 shows the valence band spectra for Ag confined
between an Fe�110� film and a vacuum as a function of Ag
thickness expressed in terms of Ag�111� monolayers �MLs�.
Inspection of the Ag 5sp state region of the spectra clearly
reveals that discrete QWSs emerge and disappear in this re-
gion as the Ag thickness is varied. By contrast, the shape of
the feature corresponding to the Ag 4d state changes only a
small amount although the Ag thickness is increased above
4.0 ML. Moreover, we found that Ag 4d QWSs are only
observed when the thickness is less than 4.0 ML whereas
Ag 5sp QWSs are observed up to 11.0 ML. It can be ex-
plained by the fact that the d electron is more localized than
the sp electron. Interestingly, these QWSs are spin polarized
in the minority state as the QWSs of Ag 5sp character are

produced in the region where only the Fe 3d minority spin
band has a hybridization gap. This will be discussed further
below in relation to the Fe-Ni alloy case.

Figure 2 shows the Ag 5sp QWSs on the Fe�110� and
Ni�111� surfaces in detail. In both sets of spectra, we can
observe discrete QWSs up to 10.0 ML. Based on the LEED
pattern investigated in our experiment and the previous stud-
ies of the Ag/Fe�110� systems,18,19 the Ag films on the
Fe1−xNix�110� surface are expected to grow epitaxially or
show a layer-by-layer-like growth mode. As the thickness of
the Ag layer is increased, the QWSs are evolving toward the
Ag valence band maximum located around 0.3 eV along the
Ag�111� direction. These QWSs in Ag�111� thin films have
already been well studied in Ag/Cu�111�,5 Ag/Au�111�,20

Ag/W�110�,21 and Ag/V�100� �Ref. 22� systems; these pre-
vious studies found similar QW evolution to the bulk band
edge.

We also performed a phase accumulation model calcula-
tion for the Ag 5sp QWSs confined by either an Fe�110� or a
Ni�111� interface and compared the results with the experi-
mental data. We adopted the formalism presented in Ref. 23
for QWSs confined in a band gap, modifying it to add a
scattering phase shift term ��scatt� to the original phase ac-
cumulation model for the partially confined QW resonance
states from different symmetry bands.21 Thus, the quantiza-
tion condition becomes

�C + �B + m2ka − �scatt = 2�n , �1�

where �C and �B are the phase shifts upon reflection at the
interface and the vacuum level, respectively, and m, k, and a
denote the number of overlayers, the wave vector of propa-
gation, and the thickness of one monolayer, respectively. The
solution is graphically acquired from the crossing points of
the m2ka curves and 2�n−�C−�B+�scatt curves, as shown
in Fig. 3. In addition, our experimental data are projected on
the curve of the phase accumulation, m2ka. We assume that
scattered phase shift for a specific binding energy in the reso-
nance region is in proportion to the k value of the Fe �5

2

FIG. 1. The valence band photoemission spectra of Ag on
Fe�110� film as a function of Ag thickness �from 0.0 to 11.0 ML�
taken at 40 eV with normal emission.

FIG. 2. The photoemission spectra of the QWSs �marked
with �� and resonances of Ag 5sp band on �a� Fe�110� and �b�
Ni�111� film grown on W�110� substrate as a function of Ag
thickness.
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minority state of corresponding binding energy. Under this
assumption, we can reproduce the binding energies of quan-
tum well resonance states. As shown in Fig. 3, the calcula-
tion successfully reproduces the binding energies of the
QWSs except for the 1.0 ML case. It is well known that the
simplified phase accumulation model is not applicable to the
single-monolayer case. In this calculation, only the minority
spin bands of Fe are taken into account because the majority
spin band has no gap in the region of the QWSs. Between
binding energies of 1.0 and 1.7 eV in the Fe �5

1 band gap, the
additional scattering phase shift is included because the Fe
�5

2 band is overlapped in this energy region.
On the other hand, both majority and minority bands

are taken into account for Ni because the exchange energy
of Ni ��ex,Ni�0.3 eV� is much smaller than that of
Fe ��ex,Fe�2.0 eV�, such that both Ni spin bands have a gap
in this energy region. Therefore, we can confidently predict
that the QWSs in the Fe case will be much more spin polar-
ized than those in the Ni case; as will be seen below, the
spin-resolved spectra indicate that this prediction is correct.
As mentioned above, QW resonance can exist outside the
band gap. Above binding energy 1.0 eV in Fig. 2�a� and
2.0 eV in Fig. 2�b�, QW resonances are observed that have
broader and less intense peaks than QWSs. It is noted that
our calculation reproduces the experimental QWS binding
energy, even though the Fe�110� surface and the Ag�111�
overlayer have different symmetries. This can be understood
by considering the Ag 	 band as a linear combination of Fe
� bands. Since the binding energies of the QWSs on Ni and
Fe with the same Ag thickness differ by about 0.4 eV, a
continuous shift in binding energy is expected when the po-
tential well is modified continuously by alloying Fe with Ni.

We prepared Fe-Ni alloy films with various compositions
as an interfacial layer for a Ag spacer in order to clarify the

FIG. 3. �Color online� The phase energy diagram for the Ag
overlayer on Fe�110� and Ni�111�. Thick solid curves represent the
QW phase accumulation m2ka with layer number m. Thin solid,
dashed, and dotted curves, respectively, represent the phase change
2�n−�C−�B from Fe minority, Ni minority, and Ni majority gap
with node number n. Filled circles and empty circles are the experi-
mental binding energies of the QWSs on Fe�110� and Ni�111�,
respectively, projected on the Ag 5sp band. The crossing points of
the thick solid curves and the other curves are where the QWSs are
enhanced. As shown with green thick line, we can clearly see a
different trend between resonance and nonresonance states. Hence,
we apply the extended model only in the resonance region.

FIG. 4. The binding energy of the QWSs when Ag thickness is
2.0 and 3.0 ML as a function of Ni composition. Inset is raw data of
the Ag 2 ML QWSs with various alloy compositions.

FIG. 5. The spin-resolved photoemission spectra of Ag 2.0 ML
QWSs taken at h�=40 eV with normal emission for various alloy
compositions x=0, 0.25, 0.5, 0.75. Ni 3d states are marked with �.
The binding energy change with the QWS �resonance� in minority
�majority� spin state is indicated with dotted line.
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effect of an alloy film as a spacer. In our previous study, we
found that as the Ni concentration was increased up to 30%,
a sharp transition was observed in the integrated valence
band photoemission spectra, where the Fe-like sp state
switches to the Ni-like sp state and satellite.24 Figure 4
shows that as Ni is gradually mixed into the pure Fe, the
binding energy of the Ag QWSs shifts linearly toward higher
energy until the Ni content becomes 30%. As the Ni content
is further increased, however, the binding energy appears to
move slightly toward lower binding energy. The linear bind-
ing energy shift in the Fe-rich region can be understood as an
electron doping effect. As Ni has two more electrons than Fe,
the electron doping caused by adding Ni into a Fe site pushes
the energy levels higher, thereby making the potential well
deeper. As a result, the QWSs shift to higher binding energy
by an amount equal to the potential well shift. At a Ni con-
centration of 30%, however, a structural transition takes
place and the electron doping picture breaks down. Specifi-
cally, the band gap position for Ni concentrations above 30%
becomes similar to that of pure Ni.

To clarify the change of both the majority and minority
spin bands separately, we recorded the spin-resolved photo-
emission spectra for the QWSs. Figure 5 shows each spin
state of the QW for a Ag thickness of 2.0 ML and different
alloy compositions. The QWS becomes less polarized as x
increases, which can be attributed to the fact that Fe has a
higher magnetic moment than Ni. Moreover, the decrease in
the exchange energy from Fe to Ni causes the sharp minority
spin QWS and the broad majority spin QW resonance to

come closer and look similar, as indicated by the dotted line.
Hence, both the minority spin QWS and the majority spin
QW resonance undergo the biggest shifts between x=0 and
0.25. The shift in the minority spin state occurs because the
marked Ni 3d �	6

1� state in the minority spin state appears at
1.2 eV, pulling down the upper edge of the minority band
gap. At the same time, the band gap in the majority spin state
is supposed to be pushed up by the Ni state.

IV. CONCLUSION

Discrete Ag QWSs in a Ag/Fe1−xNix alloy system were
successfully produced and studied over the full range of bi-
nary alloy composition. As Ni was added to pure Fe, a linear
shift in the binding energy was observed up to x=0.3. In the
SPARPES spectra, we observed sharp QW states in the mi-
nority spin band, and broad QW resonances in the majority
spin band. As Fe is alloyed with Ni, the spin polarization and
the binding energy difference between the minority QWS
and the majority QW resonance decreased due to the reduced
exchange energy. These results can be well understood using
the phase accumulation model.
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