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Quantum well states and magnetic coupling between noble metals 
and ferromagnets (invited) 

J. E. Ortega and F. J. Himpsel 
IBJ,f Research Division, Thomas J. Watson Research Center, P.O. Box 218, Yorktown Heights, 
New York 10598 

G. J. Mankey and R. F. Willis 
Physicw Department, Penn State University, University Park, Philadelphia 16802 

,ve have searched for the electronic states that mediate oscillatory magnetic coupling in 
superlattices, and have found strong evidence that these are quantum well states, which are 
created by quantizing the momentum of s,p-band states perpendicular to the interfaces. In noble 
metal layers on ferromagnets we find such states at the Fermi level, where they are able to 
influence magnetic coupling and transport. They exhibit several traits connecting them with 
oscillatory magnetic coupling, such as periodicity and spin polarization. 

I. INTRODUCTION 

The general goal of our work 1- 3 is to measure the 
changes in the electronic structure of magnetic solids as 
one goes from the bulk to thin films, superlattices, and 
ultimately to a monolayer. Here, we are specifically ad
dressing the electronic states in multilayers offerromagnets 
and noble metals, trying to identify states that give rise to 
special properties of these structures, such as oscillatory 
magnetic coupling.4-18 Noble metal spacer layers are par
ticularly interesting because it is not obvious how a noble 
metal can transmit magnetic interaction over distances of 
many atomic layers. In order to narrow the field we notice 
that states near the Fermi level Ep are expected to contrib
ute the most to magnetic phenomena. After all, the 
changes in the density of states with kTcof EF (Tc=Curie 
temperature) drive the magnetic phase transition, and 
states within kT (T=room temperature) are responsible 
for magnetotransport. 

II. QUANTUM WELL STATES 

A. Quantization of kt in thin films 

Electronic states change their character when going 
from an infinite, periodic solid to a thin film. Figure 1 
shows calculations for the electronic states in bulk Ag and 
for an 1_1-layer Ag(lOO) film, using the local density 
method. 1Y In the bulk one has a continuous energy-versus
momentum [E(k)] band dispersion, due to the periodic 
structure of the solid. In a thin film the periodicity perpen
dicular to the film is broken, and one obtains a set of 
discrete states along that direction. The number of states 
per band corresponds to the number of layers in the film. 
By projecting the energies of the discrete states onto the 
continuous band dispersion one obtains points that are reg
ularly spaced in the momentum direction perpendicular to 
the layers, k1 • Thus one may say the momentum has be
come quantized in the direction perpendicular to the thin 
film. We often will call these discrete thin-film states quan
tum well states, even if the presence of a well-shaped po
tential in the thin film is not obvious. 

B. Evidence for discrete thin-film states 

To find discrete thin-film states we look at the density 
of states at fixed parallel momentum (kll =0) using in
verse photoemission (for empty states) and photoemission 
(for filled states). Figure 2 shows inverse photoemission 
spectra2'3 from Cu films of varying thickness on fee 
Fe( 100). The latter was in turn grown pseudomorphically 
on a Cu( 100) bulk crystal. As the bulk Cu( 100) spectrum 
on top of Fig. 2 indicates, there is a continuum of states up 
to about l.8 eV above Ep, corresponding to a bulk s,p band 
analogous to that shown in Fig. 1 for Ag(lO0). For thin 
Cu( 100) films the s,p-band emission is broken up into sev
eral states, which rapidly change their energies with thick
ness. If we number them from the top down, as in Fig. 1, 
we notice that they move up in energy with increasing 
thickness and eventually converge to the band edge at 1.8 
eV. This is exactly what we expect from the quantum well 
states in Fig. l, since their density increases proportional to 
the number of layers, such that the states appear to move 
closer to the band edge with increasing thickness when 
counted from the top down. 

The observation of such discrete states in metals has 
been rather spotty. 20 This is due to the strict requirements 
for film smoothness necessary to see them. Figure 3 shows 
what one is up against. Here the series of rapidly moving 
peaks is assigned I to quantum well states of the s,p band of 
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FIG. I. Discretization of the perpendicular wave vector k1. in a thin film, 
demonstrated by comparing band calculations1'1 for bulk Ag( 100) and for 
an 11-layer Ag( 100) slab. 
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FIG. 2. Thickness dependence of inverse photoemission spectra for Cu 
films on fee Fe( 100) at kll =0. The s,p-band continuum (top) is split up 
into the numbered quantum well states due to discretization of k1 in a 
thin film ( see Fig. 1). 

bee Fe, grown epitaxially on Au(IOO). As indicated by the 
arrows, a peak changes into a valley by adding a single 
layer of Fe. If the films were not atomically smooth, peaks 
and valleys from regions with different thickness would 
average out into a continuum. Indeed, we find that careful 
electropolishing and cleaning of the substrates is essential 
for seeing discrete states. 

C. Wave function of quantum well states 

The simplest way to think about the wave functions in 
a quantum well is the comparison1 with an interferometer, 
e.g., the Fabry-Perot geometry shown in Fig. 4. The two 
interfaces reflect the electron wave, similar to the mirrors 
in the optical analog. By moving the interferometer mir
rors apart one creates interference fringes every half wave-

, 1-3 • length. We can actually observe these mterference 
fringes for electrons when changing the film thickness, as 
shown in Fig. 4. Each interference maximum corresponds 
to a quantum well state passing through the energy win
dow of our spectrometer. Similar oscillations are seen with 
photoemission. 3 The wavelength obtained from the spacing 
between interference maxima is 5.9 ±0.5 Cu( 100) layers, 
which corresponds to 10.6 A. of Cu. This value is much 
larger than the Fermi wavelength, which is of atomic di
mensions. Thus, a quantum well state seems to contain two 
types of periodicities in its wave function. This is borne out 
by a proper theoretical treatment, which shows that we are 
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FIG. 3. Quantum well states in the s,p band of bee Fe films on Au( LOO), 
showing the high sensitivity of these states to film smoothtK'SS. A maxi
mum turns into a minimum by adding only a single atomic layer (see 
arrows). Such structures would compensate each other in a rough film. 

measuring the wavelength of a slowly varying envelope 
function that modulates a fast-oscillating Bloch function 
(Fig. 5). 

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. 21). As shown in Fig. 5, the 
wave function of a quantum well state consists of a rapidly 
oscillating Bloch function, derived from the bulk states at 
the nearest band edge, which is modulated by an envelope 
function. The latter ensures that the boundary conditions 
are met at the interfaces. The modulation of the Bloch 
carrier wave with wave vector kedge by the envelope with 
wave vector kenv produces a total wave vector 

kto1=kedge±kenv • ( la) 

The total wave vector has to follow the dispersion of a bulk 
band (kbulk), as long as the quantum well is sufficiently 
wide to neglect changes in bonding near the interfaces. 
Thus one has a vector diagram for the various wave vectors 
in the first Brillouin zone, as shown in Fig. 5: 

kbulk = kedge ± kenv • (lb) 

D. Connection with bulk bands 

Using the simple Eq. (lb) it is possible to obtain bulk 
band dispersions from quantum well states. One simply 
measures 

(2) 
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FIG. 4. Oscillations in the inverse photoemission intensity at the Fermi 
level vs film thickness, shown for the data from Fig, 2. They can be 
understood either as quantum well states crossing the Fermi level or as 
interference fringes appearing with a periodicity of half the wavelength 
) • .,,,_ of the envelope function (see Fig. 5). 

from the periodicity p of intensity oscillations, such as in 
Fig. 4, and subtracts kenv from the wave vector of the band 
edge. The units work out such that 

> 
~ 

IL 
w 
£ 
(!) 

.:z: 
1ii 
~ 
>-
ei 
Q) 
C: w 

Envelope Function (k=kenv) 

6 

4 

2 

0 

-2 -

r 

......_, 

Bloch Function ("k=k,, ) 
of Band Edge .dg• 

Bulk Cu(100) 

kedge 

{Band Edge) 

_kenv 

X 

(3a) 

FIG. 5. Model wave function of quantum well states, c-0nsisting of a 
fils'lt-oscillating Bloch function at the band edge that is modulated by a 
slowly varying envelope function. The corresponding momentum balance 
shows how the k vector of the envelope function can be obtained from the 
k vectors of the band edge and a bulk band [Eq. (1 )]. 
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FIG. 6. Plot of the quantum well state features in Fig. 1 (dots) and its 
theoretical counterpart (lines), which derives quantum well states from 
bulk bands via Eq. ( 4). For very thin films ( five layers and less) there are 
deviations due to changes in bonding at the interface atoms. 

(3b) 

if kbuik is measured in units of the zone boundary wave 
vector kZB=1rld (d=layer spacing along the normal) and 
the period p is measured in monolayers. For the case of the 
quantum well states at E F in Cu films ( Fig. 4) one has a 
period of six layers, which corresponds to a Fermi level 
crossing at 1/6 of rx away from the band edge at X, i.e., 
kF/kZB=0.83. This is in good agreement with de Haas van 
Alphen data (kF/kzn=0.827). 

In reverse, it is also possible to predict quantum well 
states from bulk bands (see Fig. 6 and Ref. 3). The only 
difference is that we need additional information about the 
phase of the intensity oscillations, which is not contained 
in the bulk band structure. It is determined by the sum of 
the phase shifts for the reflections at the two interfaces, 
which in turn is determined by the (complex) band struc
ture of the two layers confining a quantum well. We obtain 
a formula for the thickness-versus-energy relation of the 
nth quantum well state, dn(E) by adding (n-1) times the 
periodp [from Eq. (3b)] to the thickness for the first state, 
which is given by a fraction cp of the period, with <p being 
the sum of the phase shifts for the reflections at the two 
interfaces, measured in units of 21r: 

dn(E)=[n-l+cp (E)]/[1-kbulk(E)]. (4) 

Thereby dn is given in monolayers, and kbulk in units of the 
zone boundary wave vector kzB at X. For Fig. 6 we use an 
empirical band structure kbutk(E). The phase shift¢(£) is 
found by matching the calculated structure plot ( see lines 
in Fig. 6) to the data points for one of the quantum well 
states. Then all the other quantum well states are com
pletely determined. 

The simple picture of quantum well states as bulk 
states, discretized by the finite slab thickness, is expected to 
break down when going towards the monolayer limit. The 
atoms in the quantum well will feel their foreign neighbors 
across the interface and will change their bulk-like bond
ing. The onset of this effect can be observed by comparing 
our data with the predictions of the bulk-like quantum well 
model in the low thickness limit. Looking at the structure 
plot in Fig. 6 we notice that the n = 1 quantum well state 
deviates systematically from the energy predicted by the 
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bulk-like quantum well model (lines), starting at a thick
ness of about five layers. This indicates that not only the 
interface atoms, but also their neighbors are affected. 

Ill. QUANTUM WELL STATES AND OSCILLATORY 
MAGNETIC COUPLING 

An oscillatory magnetic coupling has been observed in 
superlattices consisting of alternating layers of ferromag
nets and noble metals.4-12 This effect has potential for ap
plications in magnetic storage since it gives rise to a large 
(giant) magnetoresistance effect at reasonably low switch
ing fields that can be used in reading magnetically stored 
data. Our thin-film studies serve as model for more com
plex structures by representing one period of a superlattice 
or a spin valve. 13 A single layer is expected to simulate a 
superlattice rather well, since the observed magnetic cou
pling depends mainly on the thickness of the noble metal 
spacer layers, and little on the thickness of the ferromag
netic layers. This jibes well with our observation that quan
tum well states are absent at the Fermi level in ferromag
nets (although they are seen a few eV above Ep, as shown 
in Fig. 3). Therefore, simulating a thin magnetic film by an 
infinitely thick, ferromagnetic substrate does not affect the 
magnetic coupling through the noble metal. 

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: They 
appear with a period equal to the magnetic period in cases 
where a comparison can be made, e.g., for fee Cu/ 
Co( 100). They also are found to be spin polarized despite 
their s,p character, e.g., for Ag/Fe( 100) thus providing a 
magnetic interaction. Other noteworthy consistency 
checks come from the prediction that the magnetic cou
pling period should depend only on the noble metal spacer, 
not on the ferromagnet, while the phase depends purely on 
the ferromagnet. In the following we will explain these 
phenomena using the quantum well state picture developed 
in Sec. IL It turns out that the result for the periodicity of 
the magnetic coupling is identical to that obtained from 
Rudermann-Kittel-Kasuya-Yosida (RKKY) theory, 
when evaluated at discrete lattice spacings. l4-IS Thus we 
have found a real-space picture that might make the work
ings of the RKKY formalism more tractable. 

A. Spin polarization of quantum well states 

First we focus on the spin polarization of quantum well 
states. As an example we discuss fee Ag( 100) on bee 
Fe( 100), which has also been studied with spin-polarized 
photoemission. 22 An occupied minority spin state was 
found in Ref. 22 (open circles in Fig. 7), which 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 ex
plained from the band structures for Ag(l00) and 
Fe(lOO) in Fig. 8 (see Refs. 19, 23). The minority spin A1 

bands exhibit a gap at EF in Fe( 100), allowing the forma
tion of true quantum well states in the minority a1 s,p band 
of Ag(lOO). The majority spin il1 states of Ag(l00), on 
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FIG. 7. Structure plot analogous to Fig. 6 of quantum well states for Ag 
on bee Fe ( 100). Spin-polarized photoemission data (open circles, see 
Ref. 22) show that the n = 2 state is spin polarized, and thus able to 
transmit magnetic coupling through the noble metal. 

the other hand, couple to the majority A1 band of Pe( 100) 
at the Fermi level, and form a continuum of Bloch states, 
instead of discrete quantum well states. 

B. Oscillation period 

The periodicity in the appearance of quantum wen 
states at the Fermi level Ep can be traced directly to the 
Fermi wave vector kp by using Eq. (3b). Indeed, we find 
that the de Haas van Alphen Fermi wave vectors of 
0.827kZB for Cu and 0.819kZB for Ag give rise to periods of 
l/(l-0.827)=5.8 layers for Cu and 1/(1-0.819)=5.5 
layers for Ag, which agree with our measured quantum 
well state periods of 5.9 layers for Cu/Co( 100) and 5 lay
ers for Ag/Fe(l00) within the experimental accuracy. In 
this context it should be mentioned that an accurate film 
thickness calibration is not easv for such thin films. We 
have used high-resolution Ruth~rford backscattering24 for 
the inverse photoemission data and reflection high-energy 
electron diffraction (RHEED) oscillations for the photo
emission data, in addition to monitoring by a quartz oscil
lator. The oscillation periods from inverse photoemission 
and photoernission agreed within 5%. 

The magnetic oscillation periods reported5- 9 for Cu/ 
Co( 100) and Cu/Fe( 100) in the fee phase are also about 

~ i Quantum well state (Ag} 

1J\JWI/W\fl/V\NWI/Wv t Bloch state (Ag+Fe) 

i 
3 

Fe(100) 

u:i- 2 .,, 
g 

~ 
~ 
~ 0 
e> 
l!! -1 
w 

-2H 
~ r = o 

Momentum perpendicular to the interface 

FIG. 8. Explanation of the minority spin character of the quantum well 
states for Ag/Fe( 100) in Fig. 7. The absence of .i I minority spin states at 
the Fermi level in Fe( 100) produces minority spin quantum well states in 
the Ag( 100) film. The majority spin states in Ag( 100), however, hybrid
ize with the majority spin states in Fe( 100) and form a continuum of 
bulk-like bands. 
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6 layers. An additional, shorter period of 2.6 layers has 
been reported on one occasion.; Both periods are expected 
from RKKY theory, 17 the long one from states at kll =0, 
the short one from states at large kll . In our quantum well 
state picture we have the same physics, with quantum well 
states at kll =0 giving the long period, and quantum well 
states at large kl! the short period. 3 The latter are not 
detected in our measurement geometry, which is restricted 
to kll = 0. It would be interesting to look in the proper 
region of k space for quantum well states responsible for 
the short period. 

Recent magnetic measurements on the Ag/Fe( 100) 
system25

•
26 indicate equally as good an agreement with the 

quantum well state oscillations as for Cu/Co( 100) and 
Cu/Fe( 100). Again, there is a long period (5.7 layers) and 
a short period (2.4 layers),26 with the long period corre
sponding to the quantum well state oscillations at kll=O. 
The situation is the same as for Cu( 100) spacers, since the 
Fermi surface,<.; of Cu and Ag are similar near the [100] 
direction. 

C. Oscillation phase 

The phase of the quantum well state oscillations is 
given by the phase shifts encountered by the wave function 
as it is back-reflected at the boundaries of the quantum 
well.27 Thus it depends on the band structure of the me
dium that confines the quantum well states and on the 
structure of the interfaces. In magnetic superlattices we 
have the ferromagnet as the medium that confines the 
quantum well states to the noble metal spacer layer. In our 
experiments there is vacuum on one side and the ferromag
net on the other. Therefore, the oscillation phase seen in 
our experiments is generally not representative of the phase 
of magnetic oscillations in a superlattice. 

Comparing period and phase of the magnetic oscilla
tions with experiment we expect to obtain orthogonal in
sights: The period should be a bulk property of the noble 
metal spacer layer, while the phase should depend on the 
band structure of the ferromagnet and on the interface. 
While it is too early to draw definitive results from the 
available data due to structural uncertainties, there seem to 
be indications that in the case of Cu/Co( 100) vs Cu/ 
Fe( 100) one sees indeed comparable periods, but a variety 
of phases. 5- 9 
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