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Using inverse photoemission and photoemission we find that the bulk bands become discretized in 
highly perfect layer structures, such as Cu on fee Co(lOO), Cu on fee Fe(lOO), Ag on bee Fe(lOO), Au on 
bee Fe (HJO), fee Co on Cu(lOO), and bee Fe on Au(lOO). The electronic structure is analyzed in the 
framework of quantum-well states consisting of bulk Bloch functions modulated by an envelope func
tion. The wavelength of the envelope function is determined from the }../2 interferometer fringes pro
duced by the periodic appearance of quantum-well states with increasing film thickness. Using k conser
vation, one obtains an absolute measurement of the band dispersion for the s,p bands of Fe, Cu, Ag, and 
Au. Quantum-well states at the Fermi level are found to be closely connected with oscillatory magnetic 
coupling in superlattices. They are spin polarized, even in noble metals, due to the spin-dependent band 
structure of the confining ferromagnet. The oscillation period is half the wavelength of the envelope 
function. The corresponding wave vector is given by the Fermi wave vector and by the wave vector of 
the nearest s,p band edge via 2(kedge - kF ). This turns out to be equivalent to Ruderman-Kittel-Kasuya
Yosida theory. 

I. INTRODUCTION 

The general goal of our work is to measure the changes 
in the electronic structure of solids as one goes from the 
bulk to thin films, superlattices, and ultimately to a 
monolayer. 1•2 In an attempt to reach the atomic limit, we 
place emphasis on structures that can be designed layer 
by layer. Indeed, the effects discussed here require atomi
cally smooth films. Particular attention 'will be paid to 
magnetic effects in thin-film structures, such as oscillato
ry magnetic coupling in superlattices and spin valves.3 - 18 

These structures have created widespread interest, due to 
their potential applications in magnetic storage as well as 
to basic questions raised by surprisingly long oscillation 
periods. A number of theoretical studies19 - 25 deal with 
the question of magnetic coupling between ferromagnetic 
layers across a nonmagnetic spacer layer. Our intention 
is to visualize the electronic states involved in the cou
pling, and thus to understand intuitively some puzzling 
questions, such as why a noble-metal spacer can transmit 
magnetic coupling over distances of up to 20 layers, hav
ing only nonmagnetic, s,p electrons available at the Fer
mi level, and why typical oscillation periods of the mag
netic coupling are as large as six layers, while a naive 
model would predict oscillations with twice the period of 
the Fermi wave vector, which is of atomic dimensions. 
For this purpose we will pay particular attention to thin
film states at the Fermi level, which determine magnetic 
coupling and transport. 

In the following, we will begin by demonstrating k 1 

quantization in thin-film structures in Sec. II, using 
angle-resolved photoemission and inverse photoemission 
to probe occupied and unoccupied electronic states. Sec
tion II A discusses how the band offsets between noble 
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metals and transition metals determine the confinement 
of electronic states to a thin film. Preparation methods 
are given in Sec. II B, since it is critical to prepare atomi
cally smooth films in order to see discrete layer states at 
all. The wave functions of thin-film states are explained 
in Sec. III, using the formalism developed for quantum
well states. Essentially, a bulk Bloch function is modulat
ed by a slowly varying envelope function, which ensures 
that the boundary conditions are met at the interfaces. It 
is shown in Sec. III A how the wavelength of the en
velope function can be obtained directly from oscillations 
of the inverse photoemission intensity with film thick
ness, which are analogous to interference fringes in a 
Fabry-Perot interferometer. In Sec. III B this informa
tion is used to demonstrate an absolute method for deter
mining band dispersions. Section III C deals with quan
tum wells approaching the monolayer limit, where the 
atoms in the quantum well cease to exhibit bulklike be
havior, due to the change in bonding across the interface. 
Having clarified the nature of electronic states in thin 
films of ferromagnets and noble metals, we proceed in 
Sec. IV to explore the implications for oscillatory mag
netic coupling in multilayers of a ferromagnet and a no
ble metal. We present evidence in Sec. IV A that magnet
ic coupling is transmitted through the noble metal by 
spin-polarized quantum-well states at the Fermi level. Its 
periodicity is determined by the envelope function, as 
shown in Sec. IV B. The corresponding wave vector is 
given by 2(kedge -kp), averaged over all parallel wave 
vectors k 11 , where kedge are wave vectors of the s,p band 
edges closest to the Fermi wave vectors kp. This turns 
out to be equivalent to Ruderman-Kittel-Kasuya-Yosida 
(RKKY) theory. For the (100) orientation the expression 
reduces to 2(kzB-kp), which can be understood as a 
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beating frequency between the RKKY frequency 2kF and 
the lattice periodicity 2k28 . While the oscillation period 
is determined by the band structure of the noble-metal 
spacer, its phase is given by bands of the ferromagnet, as 
explained in Sec. IV C. 

II. QUANTIZATION OF k 1 IN THIN FILMS 

In general, one would expect electronic states to be
come discretized by confining them in the direction per
pendicular to a thin film. This is borne out by many 
band-structure calculations performed for finite slabs. 
Figure 1 gives an example showing the band structure of 
an eleven-layer Ag(lOO) film26 compared to the bulk-band 
structure27 of Ag along the [100] direction. For our data, 
taken at k 11 =0, we focus on the s,p band at f 1 in the slab 
calculation, which corresponds to the r 126. 1X 4 line in the 
bulk. The continuous 6.1 band splits up into discrete 
points in the slab. Their number increases with the num
ber of layers. Exactly such a behavior is observed for 
thin-metal films [Figs. 2(a)-2(h), 3(a)-3(d), and Refs. 1 
and 2; for other work on finite-size effects in metals see 
Refs. 28-35]. Taking as an example the series of spectra 
for Cu on fee Fe(l00) in Fig. 2(b), we can see that the 
nearly structureless spectrum of bulk Cu(lOO) at the top 
breaks up into a series of peaks for thin films. These 
structures move systematically to higher energy with in
creasing film thickness, as can be seen more easily in the 
structure plot in Fig. 3(b). They eventually converge to
ward the top of the s,p band at X 4. This critical point 
shows up in the bulk-Cu(l00) spectrum as an intensity 
cutoff at around 1.8 eV (compare also Ref. 36). Such a 
behavior is easily understood from the band-structure di
agram in Fig. 1. With increasing film thickness, the spac
ing between the discrete k 1 points decreases. Therefore, 
all states appear to move towa~d the upper band edge X 4, 
if we start numbering them from the top down, as done in 
our figures. 

A. Criteria for the existence of discrete states 

The discrete thin-film states behave qualitatively the 
same way in all structures studied here, i.e., fee Cu on fee 

Bulk Ag(100) 
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-~ 2 .; 
~ e o1-------------_,___J 
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C: 
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versus 11 Layers Ag(100) 

M 

FIG. 1. Discretization of the perpendicular wave vector k 1 in 
a thin film, demonstrated by a band calculation (Ref. 26) for an 
eleven-layer Ag(lOO) slab (right-hand side). The discrete states 
of the slab calculation (dots) are mapped onto a bulk-band cal
culation (Ref. 27) (left-hand side). 

Co(I00) and on fee Fe(lOO), fee Ag and fee Au on bee 
Fe(I00), fee Co on fee Cu(l00), and bee Fe on fee 
Au(l00). In all cases, we are dealing with a 6. 1 s,p band 
dispersing upward through the Fermi level toward a 
maximum at the Brillouin-zone boundary (X4 for fee and 
H 15 for bee lattices in the [100] direction). Inverse pho
toemission is particularly useful in understanding the sys
tematics of these thin-film states, since one can see them 
converge toward the unoccupied s,p band edge with in
creasing film thickness. 

A more detailed look at the relative locations of sub
strate versus overlayer bands reveals distinct differences 
between noble metals on ferromagnets and ferromagnets 
on noble metals. The s,p band of noble metals generally 
lies lower than that of 3d ferromagnets with the same 
structure, as determined in detail in a separate study.37 

The relative band arrangement has consequences for the 
existence and dimensionality of thin-film states. Fer
romagnets on noble metals, e.g., fee Co on Cu(l00), ex
hibit truly two-dimensional thin-film states near the top 
of the s,p band, because the wave function has no states 
in the substrate to connect with and is completely Bragg 
reflected. This is confirmed by the absence of k 1 disper
sion when changing the initial energy in inverse photo
emission. In the reverse case, e.g., for Cu on fee Co(l00) 
and on fee Fe(l00), the wave function is only partially 
reflected at the interface and can couple to the three
dimensional s,p band of the substrate, thereby forming a 
resonance. The empirical fact that we do see strong, 
discrete states even in the second case shows that the 
reflectivity must be rather high, giving rise to a strong 
standing wave in the overlayer and only a small leakage 
into the substrate. We suspect that the higher-lying s,p 
band in the ferromagnet represents a barrier in the aver
age potential relative to the noble metal. Such a potential 
step may provide enough reflectivity to observe discrete 
thin-film resonances. 

Up to now, we have left out the d bands that are 
present near the Fermi level in ferromagnets. For the 
high-symmetry direction k 11 =0, most of the d bands have 
a symmetry different from the s,p band. For example, all 
the d-band structures seen in the spectra of Figs. 2(a)-2(f) 
(spin arrows) have 6.5 symmetry and do not interact with 
the s,p bands. Only the 6.1 d band hybridizes with the s,p 
band. It gives rise to the spin polarization of thin-film 
states, as discussed in Sec. IV. 

B. Preparation of atomically smooth films 

In order to see clear, discrete thin-film states, we found 
it necessary to take great care with preparing smooth sur
faces. Noble-metal substrates required electrochemical 
polishing to remove the damage from mechanical polish
ing. Otherwise, extensive sputtering was needed to re
move the damage layer such that the sputter damage 
could not be healed completely by annealing. Likewise, 
after a series of thin-film depositions, such as those in 
Figs. 2(a) and 2(b), the sample went again through the 
complete polishing cycle, instead of sputtering off the 
overlayers. Detailed accounts of the surface preparation 
can be found elsewhere (Refs. 1 and 36 for noble metals, 
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FIG. 2. Thickness dependence of inverse photoemission (a)-<0 and photoemission (g) and (h) from noble metals on ferromagnets, 
and vice versa (kll=Q). The s,p band is split up into the numbered quantum-well states due to discretization of k 1 in a thin film (see 
Fig. 1). T_he thickness values are the same as for the structure plots in Figs. 3(a)-3(d). 
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FIG. 3. Structure plots corresponding to data from Fig. 2 showing quantum-well states converging at large thicknesses toward the 
edges X 4 and X 1 of the s,p band. These states cross the Fermi level at regular thickness intervals (see Fig. 5). The lines are predic
tions from the bulk-band structures in Fig. 6, using the phase shifts shown in the top panels. Open circles in (c) are minority-spin 
states seen in photoemission (Ref. 33). 
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Ref. 38 for Fe). All overlayers were prepared by evapora
tion at pressures in the 10- 10-Torr regime with the sam
ple held at room temperature to minimize interdiffusion. 
In some cases, annealing up to 150 °C gave somewhat 
sharper structures, e.g., for Co/Cu(IO0). We character
ized the surfaces with low-energy electron diffraction and 
with inverse photoemission from image-potential surface 
states (compare Refs. 36-38). The most critical test for 
surface quality, however, was the existence and sharpness 
of discrete thin-film features in the (inverse) photoemis
sion spectra. This is not surprising when looking at the 
strong film-thickness dependence of the spectra. For ex
ample, the Fe on Au(l00) spectra in Fig. 2(f) show a max
imum turning into a minimum when going from one- to 
two-layer coverage. Any roughness of as little as a single 
layer would therefore tend to smear the spectra into a 
structureless continuum. A smooth growth of ferromag
nets on noble metals is particularly difficult, since the 
high surface energy of transition metals provides a strong 
driving force for clustering. In the case of Fe on Au( 100), 
we believe the smooth morphology to be due to a mono
layer of Au floating on top of the growing Fe film and 
playing the role of a surfactant (see Ref. 1). 

III. WAVE FUNCTION OF THIN-FILM STATES 

The framework for discussing thin-film states has been 
set by extensive work on quantum-well states in semicon
ductors (for a review see Ref. 39). As shown in Fig. 4, the 
wave function of a quantum-well state consists of a rapid
ly oscillating Bloch function, which is modulated by an 
envelope function. The Bloch function is derived from 
the bulk states at the nearest band edge, the envelope 
function ensures that the boundary conditions are met at 
the interfaces. This type of wave function originates 
from an expansion of the quantum-well wave function 
around the bulk wave functions of the nearest band 
edges. Often, a single bz.:id edge is sufficient [ such as in 
Cu(l00) at kll=0], but there exist cases with multiple 
band edges nearby [such as in Cu(l00) at large kll; see 
Sec. IV B]. In all the spectra shown here, we have a sin
gle band edge, located at the Brillouin-zone boundary 
along the [ 100] direction (X for the fee and H for the bee 
lattice; see Fig. 1). In the case of a single band edge the 
modulation of the Bloch wave with wave vector kedge by 
the envelope with wave vector kenv produces40 a total 
wave vector 

ktot = kedge±kenv (1) 

It is understood that we only have to consider the com
ponents of these wave vectors perpendicular to the inter
face since the boundary conditions parallel to the inter
face are the same as in the bulk. 

The total wave vector has to follow the dispersion of a 
bulk band as long as the quantum well is wide enough to 
neglect changes in the bonding near the interfaces. Basi
cally, one assumes a bulk Hamiltonian and changes only 
the boundary conditions to those of a finite slab. Devia
tions from this behavior in films approaching the mono-

layer regime will be discussed in Sec. III C. 
Outside the quantum well, the wave function decays 

with an exponential envelope into the substrate. There 
are no propagating states of the same symmetry at the 
same energy and k II in a truly confined quantum-well 
state [e.g., for a1 minority spin states in Ag on bee 
Fe(l00)]. The evanescent wave in the substrate corre
sponds to a band-gap solution with an imaginary part of 
the momentum perpendicular to the interface. Its decay 
constant is proportional to the square root of the energy 
distance from the band edge of the substrate. Thus, a 
large band offset between the band edges of the substrate 
and the confined layer gives rise to sharply confined wave 
functions. Compared to semiconductors with typically a 
few tenths of an eV band offset, one observes offsets of up 
to 9 e V in these metal systems, 1 giving rise to a 
confinement on an atomic scale. Even in films that do 
not exhibit strict confinement of the wave function, a 
strong resonance may build up in the film if the electron 
reflectivity at the boundary is high. We find such states 
in Cu on fee Co(l00) and Fe(l00) and observe a behavior 
similar to true quantum-well states (see Sec. II A). There
fore, we will loosely call any thin-film state that fits this 
description a quantum-well state. 

Electronic States of a Slab 

<l.>=11+11 

<I.>= 0 + 0 

±• 
FIG. 4. Model wave functions of quantum-well states, and 

their explanation by a simple interferometer model. The fast
oscillating Bloch function at the band edge is modulated by a 
slowly varying envelope function. The latter ensures the proper 
boundary conditions, given by the phase shift </> at the two inter
faces. The wave functions are confined to the shaded regions in 
the energy-vs-z diagrams, where bulk bands exist. 
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A. Measuring the wavelength of the envelope 

We wish to determine how we can measure the charac
teristic quantum numbers of a quantum-well state. Since 
it is easy to figure out the k vector of the band edge from 
the bulk-band topology, the problem boils down to 
measuring the k vector of the evelope function kenv· For 
this purpose we use a method that determines the wave
length of the envelope function directly (see Ref. 1). It 
can be explained by a simple interferometer model, as 
shown in Fig. 4 (top). The interfaces confining the quan
tum well are analogous to the mirrors of a Fabry-Perot 
interferometer. True quantum-well states are produced 
by 100% reflectivity, and resonances by partial 
reflectivity. By varying the spacing of the interferometer 
mirrors one obtains interference fringes with a periodicity 
of half the wavelength of the light, due to the double pass 
per round trip. Likewise, we expect interference fringes in 
the electron wave function to appear with a period p of 
half the wavelength Aenv of the envelope function when 
changing the thickness of the quantum well (compare 
Fig. 4, middle): 

P =}.,env/2 · (2a) 

Thus, one obtains kenv = 27T /Aenv from the period p: 

kenv=1r/p · (2b) 

Such regularly spaced interference fringes are indeed ob
served, as shown in Figs. S(a)-S(c). A key ingredient of 
this method for determining kenv is changing the thick
ness while keeping the energy of the electrons fixed 1 
(initial- as well as final-state energy). Therefore, one elim
inates the energy-dependent phase shifts for the two in
terface reflections, which would have to be included if we 
were to analyze peak positions for a (inverse) photoemis
sion spectrum (see Secs. III B and IV C). Previous mea
surements28-32 of quantum-well states varied the electron 
energy at fixed thickness and had to deal with these phase 
shifts. Although phase shifts can be estimated using 
model potential barriers,41•42 it is always preferable to 
avoid any model dependence for the analysis. 

There is very little damping in the intensity oscillations 
at the Fermi level up to a critical point [about 20 layers 
for Cu on fee Co(l00) and fee Fe(l00), 12 layers for Ag 
on bee Fe(lO0), and eight layers for Fe on Au(l00)]. This 
is consistent with the long mean free path of electrons 
near the Fermi level. There are two possible reasons for 
the sudden quenching of the oscillations. One is degrad
ing film quality, e.g., due to the depletion of the Au sur
factant layer for Fe on Au(l00) or to the accumulated 
amount of impurities from a long sequence of evapora
tions. The other possible cause is our finite energy resolu
tion, which makes it harder to separate adjacent 
quantum-well states when their spacing becomes smaller 
in thick films. 

B. Obtaining the bulk-band structure from thin-film states 

For thick films, it is possible to obtain accurate bulk
band-structure information from quantum-well states as 
pointed out previously.29 - 32·43 Such results are given in 

Fig. 6 for our data. In our picture, we only have to deter
mine the wave vector kenv of the envelope function from 
the period p of intensity oscillations using Eq. 2(b). Then 
we can use Eq. (1) to determine the total wave vector 
k 101 =k of the bulk band. The band-edge wave vector 
kedge in Eq. (1) corresponds to the zone-boundary wave 
vector kzB at X or H for the data shown here, i.e., with 
electrons incident or emitted normal to the [100] face of 
fee or bee metals. Using kZB=1r/d, where dis the layer 
spacing, we arrive at a simple relation between the period 
p and the band wave vector k, 

k=l-1/p, 

p=l/(1-k)' 

(3a) 

(3b) 

with kin units of kzB and pin monolayers. This method 
of using quantum-well states to determine three
dimensional band dispersions provides an absolute mea
surement that does not depend on modeling the upper
state band in the (inverse) photoemission experiments. 
The present limitation of its accuracy is surprisingly not 
fundamental, but due to the uncertainties in the thickness 
determination of the evaporated films. Despite monitor
ing the rate with a quartz microbalance and additional 
calibrations by Rutherford backscattering, small-angle 
x-ray diffraction, and reflection high-energy electron 
diffraction oscillations we estimate an uncertainty of 
about ± 10%. The best cross check turns out to be the 
Fermi wave vector from de Haas-van Alphen data.44 

Apart from this technical problem we have to consider a 
limitation of the method due to changes in the bonding 
for interface atoms. We will look into this question in 
Sec. III C and find that the contribution from interface 
atoms becomes significant at a thickness of about S lay
ers. 

For the noble metals, we obtain the full dispersion of 
s,p bands near the X point by fitting a simple band mod
el41·42 to the available data (see lines in Fig. 6 and Table I 
for the relevant band parameters). The model uses the 
effective mass m *, the average inner potential V0 , and 
the lowest Fourier component of the potential along the 
[100] direction as parameters. The latter equals half the 
X 4 -X I band gap. These three parameters are matched to 
the Fermi level crossing kp obtained from de Haas-van 
Alphen data,44 the transition energy to the upper branch 
of the s,p band at kF (see Refs. 36, 45, and 46), and the 
X 4 point determined from the asymptotic energy of the 
first quantum-well state for large film thickness [Figs. 
3(a)-3(d)]. The resulting critical points can be compared 
with independent measurements30•36•37•45 that use the in
tensity dropoff at the band edges as markers for X 4 and 
X 1 (see footnotes to Table I). 

The energies of quantum-well states can be modeled by 
our empirical bulk bands if we include energy-dependent 
phase shifts [top of Figs. 3(a)-3(d)]. The formula for the 
thickness-versus-energy relation of the nth quantum-well 
state, dn(E), is obtained by adding (n -1) times the 
period p [from Eq. 3(b)] to the thickness for the first state, 
which is given by a fraction <p of the period, with <p being 
the sum of the phase shifts for the reflections at the two 
interfaces, measured in units of 21r: 
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dn(E)=[n-l+~(E)]/[1-k(E)]. (4) 

dn is given in monolayers, and k in units of the zone
boundary wave vector kZB at X. For the noble metals, 
we use the empirical band structures k (E) shown in Fig. 
6 and a linear expansion of the phase shifts ~(E). The 
phase shifts are found by matching the calculated struc
ture plots [lines in Figs. 3(a)-3(d)] to the data for one of 
the quantum-well states. The results are qualitatively 

similar to those obtained from the energies of image 
states and s,p-like surface state.41 •42 ~(E) increases with 
energy near the Fermi level since the classical turning 
point on the vacuum side moves out with increasing ener
gy, following a truncated image potential. On the sub
strate side only a small phase shift is expected, since the 
energy of the quantum-well states is close to the X~ point, 
where the phase shift is zero (see Sec. IV C). The calcu
lated positions of quantum-well states in Figs. 3(a)-3(d) 
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FIG. 6. Band structure of the s,p bands with A1 symmetry 
obtained from quantum-well states. The wave vector k equals 
the wave vector kedge at the band edge (X~ or H 15 ) minus the 
wave vector of the envelope function kenv, which is obtained 
from the period of intensity oscillations (Fig. 5). The s,p bands 
of fee Fe(IOO) and Co(IOO) are similar to those of Cu(IOO) with 
an upwards shift (Ref. 37) of 1-2 eV. 

fit the data reasonably well. Deviations for thick films of 
Ag and Au are probably due to degrading film quality, 
which shows up as a weakening of the quantum-well 
features in Figs. 2(c) and 2(d). At about five-layer film 
thicknesses there are systematic deviations for the n = 1 
state, which will be discussed in Sec. III C. In order to 

TABLE I. Band-structure parameters of noble metals along 
(100] relevant for quantum-well states. vF is the Fermi velocity, 
E up the energy of the upper branch of the s,p band. 

kF vF x~ X1 
( 21r I a ) (106 m/sec) (e V) (e V) 

Cu 0.827" 
Ag 0.819" 
Au 0.878" 

1.2 
1.4 
1.2 

1.8b 7.8c 
1.6b 7.5° 
1.6b 5. 7c 

E 0 P(kF) V0 -EF 
(eV) (eV) 

m* 
(rn.) 

-6.9 0.88° 
-1.2 us• 
-7.7 0.74° 

"From de Haas-van Alphen data, Ref. 44. 
bValues of X~ obtained from the asymptotic behavior of the 
n = 1 quantum-well state at large thicknesses. There exist upper 
limits for X~ from the inflection point of the intensity dropoff in 
inverse photoemission (Ref. 36): 1.8 eV for Cu, 1.9 eV for Ag, 
and 2.3 eV for Au. 
cvalues of X 1 obtained from fitting the empirical band-structure 
described in the text to kF, X~, and E 0P(kF ). The corresponding 
value from the inflection point of the intensity dropoff of secon
dary electrons is 7.8 eV for Cu (Ref. 36). Compare also the 
value of 7.9 eV in Ref. 45, and the inflection point of the sample 
current at 7.3 eV in Ref. 30. 
dFrom inverse photoemission (Ref. 36) and photoemission (Ref. 
45). Note that Ref. 45 gives a transition energy of 10.6 eV at an 
initial energy 0.13 eV below EF for Cu, which moves down to 
10.5 eV for an initial state at EF (see Ref. 36). 
0This effective-mass parameter corresponds to the kinetic
energy term in our three-parameter band model. Its physical 
significance may be blurred by the fact that it partially simulates 
the effect of neglected Fourier components of the potential. The 
uncertainty of the fit is ±10%. 
rFrom inverse photoemission (Ref. 36) and photoemission (Ref. 
46). 

get the best fit for the photoemission data in Cu we had 
to modify the simple, one-Fourier-component s,p-band 
structure below E F to account for hybridization with the 
Cud-band [dashed lines in Figs. 3(a) and 6]. 

For Cu/Co(lO0) we observe quantum-well states at 
both edges of the s,p band gap, i.e., X~ and X 1 . The 
states near X I are seen as a modulation in the intensity of 
secondary electrons transmitted through the Cu over
layer [Fig. 3(a), right-hand side]. Such states have shown 
up in previous work30 as a modulation of the sample 
current with energy under a low-energy electron beam. 

C. Towards the monolayer limit: Bonding across the interface 

The simple picture of quantum-well states as bulk 
states, discretized by the finite slab thickness, is expected 
to break down when going toward the monolayer limit. 
The atoms in the quantum well will feel their foreign 
neighbors across the interface and will change their bulk
like bonding. The onset of this effect can be observed by 
comparing our data with the predictions of the bulklike 
quantum-well model in the low-thickness limit. Looking 
at the structure plots for noble-metal overlayers in Figs. 
3(a)-3(d), we notice that then= 1 quantum-well state de
viates systemically from the energy predicted by the bulk
like quantum-well model Oines). This change proceeds in 
two phases. At about five layers the n = 1 state moves 
away from the band edge faster than predicted. Then, in 
the monolayer limit, this trend is reversed, and the move
ment of the n = 1 state stalls, or even reverses its direc
tion. 

There are some changes in the magnetic behavior of 
thin films that happen in the same thickness regime 
where we observe deviations from bulklike bonding in 
quantum wells. Critical exponents in magnetic over
layers change from three-dimensional to two-dimensional 
behavior between seven and five layers.47 Also, the Curie 
temperature becomes reduced in thin films. It comes 
down to half the bulk value at a thickness between four 
and five layers.48 

When considering the bonding across interfaces we 
have to know how far the quantum-well wave functions 
extend into the classically forbidden region outside the 
well. One expects an exponentially decaying envelope 
function in this region with an imaginary wave vector 
corresponding to the square root of the well depth, or 
band offset. For two metals with identical lattices this 
band offset is about 1 or 2 eV, as seen here for fee Cu 
versus fee Co and Fe and in previous work28 - 32 for fee 
metals. Such an offset provides decay constants of 
several atomic layers. When growing a bee structure on 
lattice-matched fee substrate, such as for Fe on Au(lO0), 
the band offset can be as large as 9 eV between X~ and 
H 15 , due to the different band topologies (see Fig. 6 and 
Ref. 49 for the band structure of Fe; the experimental 
H 15 point is at 10.2 eV). This offset is an order of magni
tude larger than in any quantum well studied to date, and 
provides a decay constant of atomic dimensions. Thus, 
we have come a step closer to the ultimate goal of mani
pulating materials layer by layer, not only in their struc
ture but also concerning their wave functions. 
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IV. IMPLICATIONS FOR OSCILLATORY 
MAGNETIC COUPLING 

An oscillatory magnetic coupling has been observed in 
superlattices consisting of alternating layers of ferromag
nets and noble metals.5- 16 This effect has potential for 
applications in magnetic storage since it causes a large 
("giant") decrease in the resistivity when the alignment is 
switched from antiferromagnetic to ferromagnetic by an 
external field. The change in resistivity can be used to 
read information stored on magnetic disks. Special spin
valve structures18 have been designed for this purpose. 
Our thin-film studies can serve as model for more com
plex structures by representing one period of a superlat
tice or a spin valve. A single layer is expected to simulate 
a superlattice rather well, since the observed magnetic 
coupling depends mainly on the noble-metal spacer lay
ers, and little on the thickness of the ferromagnetic lay
ers. Therefore, expanding a thin magnetic film to an 
infinitely thick ferromagnetic substrate does not change 
the magnetic couplings. 

As we have pointed out in the preceding sections the 
. . 1 . ' quantization of k 1s a general characteristic of thin-film 

structures, and thus should influence their magnetic be
havior as well. Looking for electronic states that are re
sponsible for magnetic coupling, we have to focus on 
states within about kB Tc of the Fermi level (Tc is the 
Curie or Neel temperature, kB is the Boltzmann con
stant), since the rearrangement of these states drives the 
phase transition, similarly to the opening of a gap around 
t?~ Fermi level driving the superconductivity phase tran
sition. For magnetotransport states within about kB Ta 
are relevant (Ta being the ambient temperature). There 
are several strong indications that the quantum-well 
states observed at the Fermi level in thin noble-metal 
films are, in fact, the carriers of the magnetic coupling: 
!hey appear with a period equal to the magnetic period 
m cases where a comparison can be made, e.g., for fee 
Cu/Co(lOO). They also can be spin polarized despite 
their s,p character, thus providing a magnetic interac
tion. Other noteworthy consistency checks come from 
the prediction that the magnetic-coupling period should 
depend only on the noble-metal spacer, not on the fer
romagnetic substrate, while the phase depends only on 
the substrate. In the following, we will explain these phe
nomena using the quantum-well-state picture developed 
i~ Sec. III A. It turns out that the result for the periodi
city of the magnetic coupling is identical to that obtained 
from RKKY theory when evaluated at discrete lattice 
spacings. Thus, we have found a real-space picture that 
should make the workings of the RKKY formalism more 
tractable. 

A. Spin polarization of s,p states in noble metals 

First we focus on the spin polarization of quantum-well 
states. As an example, we discuss fee Ag(lOO) on bee 
Fe(l00), which is a system that has been studied with 
sp~n-polarized photoemission. 33 An occupied minority
spm state has been found at kil=0 [open circles in Fig. 
3(c)], that connects with our n =2 quantum-well state 
through the Fermi level. Thus, we have good reason to 

believe that the quantum-well state has minority-spin 
character as well. This can be explained from the band 
structure49 for Ag(lOO) and Fe(lOO) in Fig. 6. The 
minority-spin A1 bands exhibit a gap at Ep in Fe(lOO), al
lowing the formation of true quantum-well states in the 
minority A1 s,p band of Ag(lOO). The majority-spin a1 

~tates of Ag(lOO), on the other hand, couple to the major
tty A1 band of Fe(lOO) at the Fermi level and form a con
tinuum of Bloch states, instead of discrete quantum-well 
states. 

In order to get an idea of the spin distribution in the 
Ag(IOO) layer, we model the charge and spin densities in 
Fig. 7 by simple, sinusoidal-model wave functions. The 
charge density of the minority-spin quantum-well state is 
t?odulated with half the wavelength of the envelope func
tion, the factor ½ originating from squaring the wave 
function. In addition, there are fast oscillations present 
in both the Bloch and the quantum-well states. The com
bined spin density of these two states is obtained by sub
tracting their charge densities. The result retains the 
long periodicity Aenv/2 from the quantum-well state. The 
same period shows up when the spin density is evaluated 
at discrete lattice spacings (dots in Fig. 7). Note, though, 
that Fig. 7 represents a snapshot of the spin distribution 
at a fixed thickness, i.e., what one would see if one could 
look into the Ag film. In magnetic-oscillation experi
ments, one varies the film thickness, causing the 
minority-spin density of the quantum-well state to appear 
and disappear periodically (as in Fig. 5), while the 
majority-spin Bloch state remains nearly unaffected. 
Therefore, one obtains a periodic change in the spin den
sity exhibiting again the Aenvf2 period, except that the 
factor ½ comes in this case from the interferometer effect 
shown in Fig. 4. So far, we have considered the spin dis
tribution at a specific energy E=Ep and kil=0. For the 
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FIG. 7. Charge and spin densities for states at the Fermi lev
el in Ag on Fe(IOO). Due to the boundary conditions at the in
terface, only a minority-spin quantum-well state can exist, while 
the majority spins in Ag(IOO) couple to the majority-spin d 1 

band of Fe(IOO) (Fig. 6). Subtracting the minority-spin density 
of the quantum-well state (top) from the majority-spin density of 
the Bloch state (middle) produces an oscillatory total-spin densi
ty (bottom) in the Ag(lOO) film that can transmit magnetic cou
pling. 
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total spin density one would have to integrate over E and 
k II (compare Sec. IV B). 

The spin-polarization of s,p-like quantum-well states 
should also be seen in other magnetic measurements. 
Indeed, there are indications that for the system 
Fe/ Au(lOO) the Fe s,p quantum-well states show up in 
magneto-optical measurements. so The ener~ of extra 
transitions seen for Fe films thinner than 10 A and their 
thickness dependence are very similar to the behavior of 
the n = 1 quantum-well state in Fig. 2(f) and Ref. 1. 

B. Oscillation period 

The periodicity in the appearance of quantum-well 
states at E F can be traced directly to the Fermi wave vec
tor kF by using Eq. (3b). The de Haas-van Alphen Fermi 
wave vectors44 of 0.827, 0.819, and 0.878 (in units of k 2 b) 

for the [ 100] direction in Cu, Ag, and Au give 
rise to periods of 1/(1-0.827)=5.8 layers for 
Cu(lOO), 1/(1-0.819)=5.5 layers for Ag(lOO), and 
1/(1-O.878)=8.2 layers for Au(lOO). These agree with 
our measured quantum-well-state periods of 5.9 layers for 
Cu/Co(lOO) and five layers for Ag/Fe(lOO) within the ex
perimental accuracy. The magnetic-oscillations periods 
reported for Cu/Co(lOO) fall into the same range (6 lay
ers6 and 5.5 layers;7 in Ref. 9, two periods of 8.0 and 2.6 
layers have been obtained by modeling, but the spacing of 
the main maxima is about the same as in Refs. 6 and 7, 
corresponding to the difference between the two periods, 
i.e., 5.4 layers). For Ag/Fe(lOO) a magnetic period of 
4-5 layers has been found recently in very smooth 
films, 10 which is comparable to the quantum-well-state 
period. For Au/Fe(lOO) a long period of 6.9 layers has 
been found, 16 together with an antiferromagnetic two
layer period. 

The same result for the periodicity has come up in 
theoretical treatments of the exchange coupling in super
lattices, 19- 23 where the RKKY coupling is evaluated at 
discrete lattice spacings. By coupling the RKKY wave 
vector 2kF with a reciprocal-lattice vector g =2kzB one 
obtains an oscillation wave vector 2( k ZB - k F) which is 
identical to the wave vector 2k00v=2(kedge-kF) result
ing from the periodicity in the appearance of quantum
well states at the Fermi level with varying film thickness 
[Eqs. (1) and (2); note that the band edge is located at the 
zone boundary]. 

So far, we have considered the contribution of 
quantum-well states at a parallel wave vector k 11 =0. 
They might be expected to dominate the magnetic cou
pling by symmetry. In order to see the effect of other k II 
on the period, we analyze the situation for the high
symmetry planes of Cu(lOO) and Cu(ll 1) in Fig. 8. The 
arrows represent the wave vectors kenv of envelope func
tions at various kli, extending from various edges of the 
s,p band (dotted lines) to the Fermi surface. Their length 
is inversely proportional to the quantum-well-state 
period. For Cu(lOO), the value of kenv at k 11 =O turns out 
to be representative of large portions of the Fermi sur
face. This explains why the period at kll=o worked so 
well for explaining magnetic oscillations. According to 
RKKY theory,22 there exists an additional, shorter 

[010] 

[011] 

[100] 

FIG. 8. Summation over oscillation periods for quantum-well 
states at the Fermi level in Cu(lOO) and Cu(l 11) films (top and 
bottom, respectively). The arrows represent the wave vectors of 
the envelope wave functions that determine the magnetic cou
pling period. They point from s,p band edges (dotted lines) to 
the Fermi surface. For Cu(lOO), the period near kli=O dom
inates, whereas for Cu(l 11) there are no quantum-well states at 
k II = 0 and a variety of periods at other k II. 

period due to states near the end of the "dog bone" -
shaped Fermi surface, i.e., at large kll. Recent observa
tions do, indeed, find additional, short periods of 2.6 lay
ers9 in Cu/Co(lOO), and 2.0 layers16 in Au/Fe(lOO). The 
analogy between RKKY theory and our quantum-well
state model is less obvious in this case, since RKKY pre
dicts a single period corresponding to 2( k ZB - k F ), 

whereas the quantum-well-state model predicts states 
made up of wave functions from three nearby band extre
ma, i.e., a minimum at the zone boundary and two maxi
ma symmetric to it. Their average k is symmetric to the 
zone boundary, however, and, thus, equivalent to the 
RKKY result. RKKY, as well as the quantum-well mod
el, predict that the short period should originate from 
states with k II near the end of the dog bone, and not at 
kll=O, where all the existing spectroscopic data have 
been taken. 

Cu(l 11) is a more complicated case than Cu(lOO). 
There are no quantum-well states at the Fermi level for 
kli=O, since the Fermi level lies in the s,p band gap along 
the [111] direction. Going to finite k II one does encounter 
quantum-well states at EF, but their periods vary over a 
wide range. That can be seen already for the fraction of 
all possible kenv that is shown in Fig. 8 or Cu(l 11). When 
averaging over all kll, the different periods largely com-
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pensate each other. This may be the explanation for the 
difficulties in coming to an agreement on the existence of 
intrinsic magnetic oscillations in Cu/Co( 111) superlat
tices. 4•8· 14• 15 The principal periodicity remaining after 
the k II average in RKKY theory22 can be assigned to 
quantum-well states derived from the L minima at large 
k II (M and M'; see heavy arrows in Fig. 8). This analogy 
suggests again that the quantum-well and the RKKY pic
ture are equivalent. 

C. Oscillation phase 

The phase of the quantum-well-state oscillations de
pends on the phase shifts encountered by the wave func
tion as it is back reflected at the boundaries of the quan
tum well. It depends on the energy relative to the edges 
of the band gap that causes the reftection.41 •42•51 For the 
"inverted" s,p gap at the zone boundary in noble metals 
and transition metals, the phase shift ranges from 0 at the 
"antibonding," Pz-like bottom of the gap51 (X4 for fee and 
H 15 for bee) to 1r at the "bonding,"' s-like top (X I for fee 
and H 1 for bee). For the s,d gap at the zone center, the 
situation is reversed. For example, the bonding, dz2-like 
r 12 point in bee Fe has a phase shift zero. Since the Fer
mi level is not too far away from the X 4 point in fee met
als and close to the r 12 point in bee metals, we may as
sume a phase shift of zero to a first approximation. As a 
consequence, the envelope function will develop maxima 
at the interfaces, as shown in Fig. 4, bottom. The n = 1 
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