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Effects of the substrate on quantum well states: A first-principles study for AgÕFe„100…
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We have studied the properties of quantum well states in supported Ag~100! films on the Fe substrate by
first-principles density-functional calculations. The energies of these quantum well states as a function of
thicknessN are examined in terms of the characteristic phase shift of the electronic wave function at the
interface. These energy-dependent phase shifts are determined numerically for both the film-substrate and
film-vacuum interfaces. It is also found that the substrate has a major effect on film stability, enhancing the
stability of theN55 film and reversing that of theN52 film.
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Quantum confinement of electrons in a metal thin fi
results in the so-called quantum well~QW! states1 with dis-
crete crystal momenta in the direction perpendicular to
film. These electronic states have been the subject of nu
ous experimental investigations in recent years becaus
the critical role they play in determining many interesti
properties of the film. For example, in growing metal th
films or nanostructures on a substrate, the QW states
found to be responsible for producing the unexpected flat
islands with ‘‘magic’’ heights,2–4 for generating an unusua
growth pattern,5 and for the thickness-dependent stabilit6

observed in the experiment. The QW states also give ris
an oscillatory work function as the thickness varies,7 and
thus affect the details of the surface adsorption process8

Moreover, the QW states are directly connected to the os
lation in the exchange coupling between two magnetic m
terials across a nonmagnetic spacer layer of vari
thickness,9 and to giant magnetoresistance.10 Therefore, the
characterization and understanding of the formation of
QW states is crucial in providing a quantitative descripti
of these intriguing phenomena. Since the confinement is
vided by both the substrate and the vacuum, the spe
interface invariably affects the level positions and needs
be considered explicitly.

Experimentally the energies of the QW states can be m
sured by photoemission,1,9 inverse photoemission,11 and
scanning tunneling spectroscopy~STS!.2,3 The results are
usually analyzed using a picture of standing waves withi
potential well, in which an energy-dependent phase s
upon reflection at the interface is included. The quantizat
condition ~or the phase accumulation model! yields12,13

2k~«!Nd1F1~«!1F2~«!5n2p, ~1!

wherek is the perpendicular wave vector for energy« in the
bulk, N the number of layers,d the interlayer spacing, andn
an integer.F1 andF2 are energy-dependent phase shifts
the electronic wave function upon reflection at the tw
boundaries. They are related to the logarithmic derivative
the wave function at the interface. In a rather concise way
phase shift represents a system-dependent confinement
by the substrate or vacuum. For a lack of theoretical ca
0163-1829/2003/68~12!/125406~5!/$20.00 68 1254
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lations for realistic systems, a simple WKB expression o
convenient ansatz is often employed for these phase shif
the literature.1,9

The purpose of this work is to investigate these aforem
tioned issues through first-principles calculations for a rep
sentative system in order to shed light on the nature of
QW states, the effect of the substrate, and consequently
size-dependent properties. Ag on Fe~100! is chosen becaus
of the existence of extensive high-quality experimental da
In addition, the small lattice mismatch~less than 1%! for fcc
Ag on bcc Fe in the@100# direction justifies the use of com
mensurate slabs in the calculation. Previous calculation
this system employed the tight-binding model13 and the
layer-Korringa-Kohn-Rostoker method,14 with an emphasis
on the energies of the QW states. In this paper we will foc
on the influence of the substrate on the energies of th
quantum well states, their interfacial phase shifts, and
stability of the films. In order to make comparisons, simi
calculations are also performed for freestanding Ag~100!
films.

The calculations are carried out using the Viennaab initio
simulation package~VASP!15 based on density-functiona
theory ~DFT! with ultrasoft pseudopotentials16 and plane
waves, with the Agd orbitals included as valence states. T
generalized gradient approximation17 with spin polarization
is employed in order to obtain the correct ground-state cr
tal structure for Fe. Our calculated lattice constant for Ag
slightly larger than the experimental value by about 1.6
The substrate is modeled by ten layers of Fe covered by
films of various thicknesses in the@100# direction. To keep
the calculation feasible, the small lattice mismatch is igno
by using the Ag lattice constant for the slab. For the cal
lation of the work function, the Fe substrate has to be c
ered by Ag films on both sides so that only Ag films a
exposed to vacuum.7 For the present study of the energ
levels of QW states, the configuration with the Fe substr
covered on one side is sufficient because of the strong c
finement for these QW states. Periodic slabs separated
vacuum region equal to 12 Ag layers are used. The Brillo
zone summation is performed with a 2032032k-point grid
and the plane-wave energy cutoff is 237 eV. Thek-point
convergence of the total energy is carefully tested and
error is estimated to be of the order of a few meV per surf
©2003 The American Physical Society06-1
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unit cell at most. Relativistic effects are included at the sca
level and numerical convergence in the energy and forc
carefully checked. Vertical layer relaxations are found to
small: the outmost interlayer separation has a small cont
tion of less than 2% compared with the perfect bulk val
and the second interlayer distance expands only slightly~less
than 1%!.

The QW states in the Ag film result from the confineme
by the vacuum on one side and by the hybridization gap
the Fe substrate on the other. Because of thes-d hybridiza-
tion in Fe, the twos-like bands of theD1 symmetry in the
@100# direction are separated by a finite energy. Within t
energy range of this gap thes band in Ag, also of theD1
symmetry, cannot penetrate into the Fe substrate, leadin
an effective confinement. The hybridization gap in t
minority-spin band structure of the Fe substrate used in
calculation is found to be in the range of22.4 to 1.8 eV with
respect to the Fermi level. Thus, the existence of the Q
states near the Fermi energy and their energy variation ac
the Fermi level as a function of film thickness give rise
interesting size-dependent properties.

Figure 1 shows the energies of the QW states atḠ as a
function of film thickness for both the freestanding and su
ported ~100! films. They are calculated at the experimen
lattice constant. The energy zero is set at the Fermi energ
each film. As expected, the energies of the QW states
bounded by the top of the Ag bulk band at the Brillouin zo
boundary, which is located at 1.61 eV in our calculation. F
the supported films, we identify the minority-spin QW stat
by examining the plane-averaged charge density along
film direction for every eigenstate in the slab calculation.
Fig. 1 the solid lines through the data points are intended
guide the eye, which separate the QW states into branche
labeled in the figure. The quantum numbern in Eq. ~1! is

FIG. 1. Calculated energies of minority-spin quantum w

states atḠ as a function of thickness for freestanding~open circles!
and supported~filled circles! Ag~100! films at the experimental lat
tice constant. Also shown~stars! are the measured values from ph
toemission experiments~Ref. 18!. The energy zero is set at th
Fermi level and the solid lines through the data points are a guid
the eye. The quantum numbersn are also indicated for the thre
topmost branches.
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chosen in such a way that it represents the number of no
of the QW states inside the film. As we can see from Fig
there is a noticeable difference between the energies of
states in the freestanding and supported films. The differe
is larger for thinner films and becomes smaller for thick
films. This can be understood from Eq.~1! in which the first
term dominates for largeN, namely, the boundary conditio
becomes less important. Therefore, the energy differenc
Fig. 1 between the QW states of freestanding and suppo
films becomes smaller for thicker films. On the other hand
a given thickness the difference is larger for larger bind
energies. This feature will be explained later in the disc
sion.

In bulk Ag, the Fermi level cuts through the calculatedD1
band at a position of 0.173p/d measured from the zon
boundary, in excellent agreement with the value of 0.172p/d
measured by QW photoemission spectroscopy18 and the
value of 0.181p/d by the de Haas–van Alphe
measurement.19 Using Eq. ~1! it can be shown that a new
branch is expected to cross the Fermi level for every inc
mental increase in the film thickness of about 1/0.173(5
layers in Fig. 1. Although the energies of the QW states
freestanding and supported films are different for a givenN
because the phase shifts are different in Eq.~1!, the period-
icity in N for their QW states to drop below the Fermi lev
stays the same in Fig. 1. The energies of the QW state
Ag/Fe~100! as measured by most recent photoemiss
experiments18 for atomically uniform films are also shown i
Fig. 1. The agreement between theory and experiment is
cellent. The calculated energies for unoccupied QW sta
are also in reasonable agreement with the measured va
by inverse photoemission11 and two-photon photoemission20

~not shown!. Moreover, every time a new branch crosses
Fermi level~for example, nearN54 and 10!, the work func-
tion shows a local minimum~cusp! at this location.7 This is
due to the fact that the states near the Fermi level has a la
leak of charge out of the film, giving rise to a stronger dipo
near the surface.

To examine the extent of confinement, we have plotted
Fig. 2 the plane-averaged charge densities of the four
states shown in Fig. 1 for theN58 freestanding and sup
ported films, respectively. Atomic planes are indicated
dotted lines and only five out of the ten Fe layers are sho
According to Fig. 1, two of these four states are above
Fermi level and two are below. For the supported film, t
charge density does decay quickly into the substrate, indi
ing a clear confinement. A direct correspondence is fou
between the QW states in the supported films and thos
the freestanding films. The characteristics of these QW st
can be understood in terms of a rapid oscillation descri
by the quantum numbern and an envelope function of
longer period.1,11

Using the energy data points in Fig. 1, one can deduce
sum of the interfacial phase shifts,F11F2, for the QW
states using Eq.~1! and the bulk band structure. For th
freestanding film,F15F2 and one can obtain the Ag
vacuum phase shifts directly. They are plotted as open cir
in Fig. 3. Since the energy range of interest is quite far fr
the calculated vacuum level of 4.3 eV, this phase shift cu
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is nearly featureless for most of the energy range, excep
the feature near the top of the band. A simple express
obtained from the WKB approximation is often used in t
literature and has the form21

f~«!

p
5A3.4 eV

«v2«
21, ~2!

where«v is the vacuum level. Equation~2! is plotted as a
dashed curve in Fig. 3. Compared with the current calcula
values~open circles!, a shift of about 0.2p is found below
the Fermi level. For the supported films, only the sumF1
1F2 in Eq. ~1! can be deduced, and the data are represe
by filled circles in Fig. 3. This curve is in good agreeme
with the result deduced from photoemission measuremen18

FIG. 2. Plane-averaged charge densities of four represent
minority-spin QW states inN58 freestanding~left! and supported
~right! Ag~100! films. Atomic planes are indicated by dotted line
and only five out of the ten Fe layers are shown.

FIG. 3. Interfacial phase shifts of QW states for the Ag-vacu
~open circles! and Ag-Fe~crosses! interfaces. The former are de
duced directly from calculations for freestanding films. The lat
are obtained by subtracting the Ag-vacuum contributions from
calculated sum of the two interface phase shifts for supported fi
~filled circles!. The WKB expression of Eq.~2! is plotted as the
dashed line and the result deduced from a fit to the photoemis
data~Ref. 18! is shown by the solid line.
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shown by a solid line. Note that the data points within
given energy range can come from films of very differe
thickness. Both of the datasets for freestanding~open circles!
and supported~filled circles! films vary smoothly as a func
tion of energy with little scattering, indicating that Eq.~1!
does determine the energies of the QW states quantitativ
provided the interfacial phase shifts are known.

Taking the difference of the two sets of data~open and
filled circles! in Fig. 3, we can obtain the phase shifts for t
Ag-Fe interface, shown by crosses in the figure. It is of
assumed in the literature using a simple step-potential mo
that the interfacial phase shift changes byp across a gap. In
contrast, the current result yields a value that is much lar
This results from the fact that we have attributed all interfa
effects~including the modification of the potential at a re
interface! to this single parameter, therefore the value is n
necessarily constrained between 0 andp. Another interesting
feature is that the difference between the phase shifts of
Ag-vacuum and Ag-Fe interfaces gets larger as the bind
energy increases. Therefore, according to Eq.~1!, for a fixed
thickness the energy difference between the QW states a
ciated with freestanding and supported films would beco
more noticeable for states with larger binding energies. T
feature can be easily identified in Fig. 1.

The energies of QW states near the Fermi level can
measured by STS experiments. One quantity that is o
presented in these measurements is the approximate
spacingdE near the Fermi level. Taking the derivative of E
~1! with respect to energy and evaluating it at the Fermi le
for a givenN, we have

1

dE
'

2d

hvF
N1

1

4p
@F18~«F!1F28~«F!#, ~3!

wherevF is the Fermi velocity obtained from the slope of th
bulk band at the Fermi level andF8(«F) the energy deriva-
tive of the interface electronic phase shift at the Fermi lev
Therefore, the measured 1/dE curve should be a linear func
tion of N, with a slope connected tovF and independent o
the type of interfaces. Figure 4 shows the calculated res
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FIG. 4. The inverse of the energy spacing of quantum well sta
near the Fermi level in freestanding~open circles! and supported
~filled circles! Ag films as a function of thickness.
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for the freestanding and supported Ag films using energie
Fig. 1. Indeed the two curves follow a straight line and ha
the same slop, with kinks located at the positions where n
branches of QW states cross the Fermi level. Note that
intersection of the linear curve with the horizontal axis is n
necessarily atN50, due to the nonzero energy derivative
the interfacial phase shifts at the Fermi level.

Even though the confinement takes place only in one
the three dimensions, the stability of the film could also
affected due to the variation in the electronic energy.22 For
example, we can see from Fig. 1 that theN54 supported
film has a QW state right at the Fermi level, while the la
occupied QW state inN55 has a very low energy. Thus th
N55 film is expected to have an exceptionally low ele
tronic energy, and therefore a high stability. We use the s
ond difference of the total energy as a measure of the rela
stability of an N-layer film with respect to the films ofN
11 andN21 layers, which is defined as

D~N!5E~N11!1E~N21!22E~N!, ~4!

whereE(N) is the calculated DFT total energy of the ful
relaxedN-layer film with the in-plane lattice constant fixed
the theoretical value. The results of both freestanding
supported films are plotted in Fig. 5. A peak in the figu
indicates a high relative stability for the film. It is not su
prising that theN55 film is particularly stable as is eviden
from the discussion above. Comparing the results of the f
standing and supported films, one major effect of the s
strate is to completely reverse the situation of theN52 film,
changing it from a highly unstable configuration to a high
stable one. In addition, the peak inD(N) at N55 is en-
hanced by the substrate compared with its neighboring
ues. Also plotted in Fig. 5 are the experimental annea
temperatures above which the Ag/Fe~100! films of N mono-
layers start to disintegrate into regions ofN11 and N21
layers.6 One can see that the values forN52 and 5 are
particularly high, consistent with the features in the calc
latedD(N).

In summary, we have studied the properties of Ag~100!
films, up to more than 20 layers, on the Fe~100! substrate by
first-principles DFT calculations. This provides an una
biguous and quantitative description of the features of
QW states and the consequent size-dependent stability o
film. A simple quantization model is found to be valid over
wide range of thickness. The phase shift of the electro
wave function at the Ag-vacuum interface is determined a
function of energy, which is numerically different from th
result using the WKB approximation. The energy-depend
.

T.
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phase shift at the film-substrate~Ag-Fe! interface is also de-
duced from the calculation, which is found to behave qu
differently from that of the Ag-vacuum interface. We hav
calculated the second difference of the total energy, as a m
sure of relative film stability, for both the freestanding a
supported Ag films. It is found that the substrate has a ma
effect on film stability. The Fe substrate not only enhanc
the stability of theN55 film but also gives rise to a new
stable thickness ofN52.
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FIG. 5. The second difference of the total energy as a func
of thickness for freestanding~upper panel! and supported~middle
panel! Ag films, in comparison with the experimental annealin
temperature~lower panel! at which the film ofN monolayers disin-
tegrates into regions ofN11 andN21 layers~Ref. 6!.
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