J. Phys.: Condens. Mattéf (1999) 9483-9494. Printed in the UK PIl: S0953-8984(99)05985-8

Magnetic quantum wells

F J Himpsel
Department of Physics, University of Wisconsin Madison, 1150 University Avenue, Madison,
WI53706-1390, USA

E-mail: himpsel@comb.physics.wisc.edu
Received 13 July 1999, in final form 9 September 1999

Abstract. Magnetic properties of materials can be tailored in nanostructures, such as thin films,
wires and dots. This article gives an overview of what is known about the electronic states that are
relevant for magnetic phenomena, such as oscillatory coupling, giant magnetoresistance (GMR) and
spin-polarized tunnelling. These states are probed by high-resolution photoemission and inverse
photoemission. Methods for fabricating one- and zero-dimensional structures are explored, such
as stripe and dot arrays obtained by step decoration.

1. Motivation

Electronic properties of semiconductor devices have been controlled by introducing
heterostructures, quantum wells and superlattices. Magnetism as a cooperative phenomenon
lends itself to manipulation in small structures [1], where neighbour atoms can be replaced
systematically by species with stronger or weaker magnetism. In fact, a class of
magnetic/nonmagnetic multilayers termed ‘spin valves’ has recently been introduced by IBM
into commercial reading heads for magnetically stored data.

A simple, particle-in-a-box model tells us that the spectrum of electronic states is going to
change when electrons are confined to dimensions comparable to their wavelength (figure 1).
The smooth, three-dimensional density of states breaks up into a train of singularities in one
dimension. These are caused by quantum well states. Their positions can be manipulated by
adjusting the width of the confining potential. Thereby, a high density of states can be placed
at the Fermi levelEr, which may trigger electronic phase transitions, such as magnetism,
superconductivity or charge density waves. The well known Stoner criterion for spontaneous
formation of ferromagnetic order involves the overall density of states at the Fermi level.
Likewise, antiferromagnetism can be traced to high density of states at particular momenta
k that match they-vector of the antiferromagnetic order. More recently, it has become clear
that oscillations in the magnetic coupling of multilayers are generated by density-of-states
oscillations at the Fermi level induced by quantum well states [2-5].

Conductivity and magnetoresistance are also determined by electrons at the Fermi level.
In order to contribute to charge and spin transport, electrons have to lie within a thermal energy
kT of the FermilevelXT = 25 meV atroom temperature). Recent progress in high-resolution
photoelectron spectroscopy has made this energy regime accessible [6, 7]. Such measurements
arek-resolved, making it possible to pick out the releviasstates that dominate tihentegrated
transport data. Currently, there is great interest in spin currents. Generating and controlling
them is the main topic of the emerging field of magnetoelectronics [8].
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Tailoring the Density of States in Nanostructures
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Figure 1. Tailoring of electronic states in nanostructures. Confinement creates quantum well states
that enhance the density of stat@$F) at specific energies. High density of states at the Fermi
level Er affects electronic transport properties and triggers electronic phase transitions, such as
magnetism, superconductivity and charge density waves.

When attempting to produce tailored magnetic materials one might ask the question how
fine a structure needs to be in order to have an impact on the electronic and magnetic properties.
As an estimate we may use the Fermi wavelengtiof a simple free electron gas. It decreases
with increasing carrier density. Therefore, confinement and quantization phenomena are
visible in semiconductors already at dimensions achievable by standard lithography, whereas
in metallic magnets such phenomena do not appear until one reaches dimensions of a few
nanometres. Actually, the Fermi wavelength of typical metals has atomic dimensions, but beat
frequencies with the lattice can produce an envelope function with a much larger wavelength
(for exampler,,, = 2 nm in Cu(100) films [1-3]). Therefore, structures in the single digit
nanometre regime are expected to produce the maximum impact.

Going from the traditional thin-film structures towards lower-dimensional objects, such
as wires and dots, one would expect an ever larger effect of the confinement. The end of this
article will give an outlook on the various methods that are being tested for producing magnetic
nanowires and dots by self-assembly. A particular focus will lie on nanostructures with linear
order, such as arrays of stripes and strings of dots. They lend themselves to the linear readout
methods that have dominated the magnetic storage industry, e.g. the use of reading heads in
tapes and disks. There is a variety of self-assembly methods to choose from. Here we focus
onto concepts that utilize a stepped surface as template [9]. Adsorbed atoms, molecules or
clusters have a tendency to stick to the step edges where they find extra bonding partners for
lateral bonds. Ideally, one hopes to decorate the step edges with magnetic stripes or strings of
magnetic particles. The current status and an outlook onto promising avenues will be provided.

2. Spin-dependent reflectivity and confinement

Can quantum well states modify the electronic and magnetic structure of a material, as
suggested in figure 1? In fact, the oscillatory magnetic coupling observed in magnetic layer
structures can be traced to magnetic quantum well states [2, 5]. Figure 2 shows that a significant
modulation of the density of states at the Fermi level can be achieved in the vicinity of specific
k-points [3]. The simple picture of an electron interferometer works quite well here. The
Fe/Co and Cu/vacuum interfaces act as electron mirrors that induce standing waves in the Cu
film [1, 10]. When the thickness of the Cu film is increased one observes interference maxima
every half wavelength, as in a FabngfBt interferometer. The relatively long wavelength
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A = 2 nm obtained from these data is not the (much shorter) Fermi wavelength of Cu, but
that of the envelope function of the quantum well state. In reciprocal space, the corresponding
wavevectork,,, = 2r /A represents the small difference between two large wavevectors, i.e.
the Fermi wavevectdrr and the Brillouin zone boundakyg; = 7 /d100, Which is determined

by the lattice spacing in the [100] direction. Inreal space this may be viewed as a beat frequency
between the Fermi wavelength and the atom spacing. The oscillating density of states from
states at the Fermi level is sampled by atoms residing at discrete lattice spacings.
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Figure 2. Oscillations in the density of statd¥(E) with film thickness caused by quantum well
states in a Cu film on fcc Fe(100). A simple interferometer model explains the oscillations as
interference fringes and shows that such an experiment directly measures the wavelength of the
(envelope) wavefunction. After Ortegd al [3].

In a magnetic coupling experiment the vacuum interface is replaced by a second magnetic
layer ontop ofthe Culayer, e.g. a Co layer or a magnetically softer permalloy layerin actual disk
reading heads. Itis found that the magnetic coupling between the two layers oscillates when the
thickness of the Cu layer is increased. The period is identical to that of the quantum well state
oscillations in figure 2. Such an agreement has been found wherever comparable data exist,
e.g. for Ag/bcc Fe(100), Au/bcc Fe(100), Cu/fcc Co(100), Culfcc Fe(100), Cr/bcc Fe(100).
Actually, a single combination of materials can have several periodicities, which correspond
to quantum well states located in different regiong-@&pace. For example, the well studied
Co/Cu/Co(100) system exhibits an additional, shorter oscillation pekied 0.5 nm) which
originates from states at the neck of the Cu Fermi surface, as opposed to the states from the
belly that give rise to the oscillations in figure 2. The two periods are shown in figure 3 and
compared to oscillations in the magnetic coupling [4].
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Figure 3. Long and short period oscillations in the magnetic coupling for Co/Cu/Co(100) and the
corresponding oscillations in the density of states atAwmints. (a) Schematic drawing of the
wedge sample. (b) Photoemission density of states of the long-period quantum well states at the
belly of the Fermi surface. (c) Photoemission density of states of the short-period quantum well
states at the neck of the Fermi surface. (d) Oscillatory magnetic coupling between the two Co
layers from magnetic linear dichroism. (e) Fit of the oscillatory coupling to the two quantum well
state oscillations. From Kawakarsi al [4].

Quantum well states by themselves cannot affect magnetic coupling unless they are spin
polarized. It is somewhat puzzling at first to postulate that quantum well states in a non-
magnetic Cu layer carry spin information. Experimentally one finds that they do [7, 11, 12].
Figure 4 shows spin-polarized photoemission data of the short-period quantum well states [7]
in Cu/Co(100) which suggest a set of discrete quantum well states with minority spin on top of
the majority spin continuum. The explanation for the spin polarization of quantum well states
is based on a spin-dependent electron reflectivity of the interfaces, an effect that also plays a
role in giant magnetoresistance as well. Using again the simple interferometer picture, one has
to take into account that the reflectivity at a ferromagnetic interface differs between majority
and minority spins. The magnetic exchange splitting splits the bands in the ferromagnet and
produces a spin-dependent barrier of the inner potential. For majority spins, the barrier is small
since the majority d bands of Co are filled, i.e. noble-metal-like. The minority spin bands of Co
lie higher than those in Cu and produce an energy barrier that confines them to the Cu layer. The
situation is expected to be reversed for spacer layers to the left of the ferromagnets in the periodic
table, such as Cr. One would expect quantum well states with majority spin character. Quantum
well states have been observed in Cr [13] but their spin polarization has not yet been measured.

A quantitative connection between quantum well states and magnetic coupling can be
made by calculating the total energy of all occupied states and minimizing it between the
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Figure 4. Spin-polarized photoemission of short-period quantum well states in Cu/Co(100)
demonstrating their minority spin character. The spin-dependent electron reflectivity of the interface

with Co explains how spin polarization can be induced in a non-magnetic metal, such as Cu. After
Ortegaet al [7].

two magnetic configurations, parallel and antiparallel [2,5]. Magnetic quantum well states
are supported by the parallel configuration only. In the antiparallel configuration, one of the
interfaces reflects electrons of a given spin and the other transmits them. Consequently, the
total energy is a continuous function of the thickness in the antiparallel configuration but drops
discontinuously whenever a quantum well state moves above the Fermi level and becomes
unoccupied. The resulting change in the energy balance drives the magnetic switching. This
quantum well picture of magnetic coupling can be mapped mathematically onto the traditional
RKKY picture of magnetic coupling through an electron gas. Itturns out that the main features
of the two models, such as the oscillation periods, agree in most cases. Only quantitative results
differ, such as the coupling strength. That is due to the fact that the RKKY model originates
from lowest order perturbation theory, whereas the quantum well state model does not make
any assumptions about the strength of the interaction.

On the experimental side, it has been difficult to observe quantum well states in magnetic
multilayers until better preparation methods for smooth interfaces were found. This is partic-
ularly true for the short wavelength states. That becomes clear from the optical interferometer
analogue [10], which requires the roughness of a mirror to be small compared to the wave-
length. Special deposition techniques had to be developed for reproducibly obtaining short
period quantum well states [4,7,12]. They involve deposition at low temperature for pre-
venting island nucleation and interface diffusion. Subsequent annealing to room temperature
restore full crystallinity. The substrates need to be ultra-smooth as well, which can be achieved
by careful electropolishing or the use of whiskers with highly perfect surfaces [13, 14].

3. Consequences for magnetoelectronics

Spin-polarized electron reflectivity at magnetic interfaces creates not only quantum well states,
but also influences other phenomena that are utilized in magnetoelectronics, such as giant
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Figure 5. E (k) band dispersions of Ni along the [110] direction showing flat d bands and a steep,
parabolic s,p band. The states relevant for charge and spin transport in magnetoelectronics are
located at the Fermi level crossing where the s,p band starts hybridizing with the uppermost d band
(box). High-resolution photoemission with angular multidetection is able to resolve the spin-split
band crossing the Fermi level. Two data sets from the (100) and (110) surfaces map out the boxed-in
area of the band structure in opposite directions. From Hingtsal[7].

magnetoresistance (GMR) [15]. Generally, the GMR effect is more complex than magnetic
coupling, but it is based on spin-dependent scattering, either in the bulk or at interfaces. The
fundamental unit in GMR structures is the same as that in magnetic coupling, i.e. a pair of
ferromagnetic layers separated by a non-magnetic spacer. The ferromagnetic layers and their
interfaces act as spin filters for electrons, based on the different scattering probabilities in the
bulk and at the interface: for parallel magnetization of the two ferromagnets we have parallel
spin filters with a high transmission; for antiparallel magnetization the spin filters are opposite
to each other and block the current. An external magnetic field switches the configuration
from antiparallel to parallel, thereby reducing the resistance.

While GMR is based on spin-dependent scattering in the bulk as well as at the interfaces,
there is a fair amount of evidence that the interfaces dominate. Experiments with multilayers
of the same overall thickness but different number of periods suggest that there is a strong
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interface component to the GMR effect. Interface scattering also causes the GMR to be larger
in the CPP geometry (conductivity perpendicular to the plane) than in CIP (conductivity in
plane) where electrons can bypass the interfaces. Therefore, a stronger reflection of minority
spins than majority spins at the interface will not only create spin-polarized quantum well
states but also contribute to GMR. The question remains whether the spin-dependent interface
scattering in GMR is mainly specular, as for quantum well states, or diffuse.
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Figure 6. Growth modes observed at stepped surfaces. In addition to the usual equilibrium growth
modes one observes at least four non-equilibrium modes for Cu on stepped Mo(110). They are
characterized by thermal activation of diffusion along the terraces, along the step edges and across
the steps. Compare Himpsatial [9].

Another promising phenomenon in magnetoelectronics is spin-polarized tunnelling
[16,17]. It gives rise to a magnetoresistance effect analogous to that in GMR, except that
the spacer layer is insulating instead of metallic. The corresponding electrical properties are
different (e.g. lower power consumption), which makes tunnel junctions interesting as non-
volatile memory elements rather than sensors. Spin-dependent tunnelling occurs between
various combinations of ferromagnets, normal metals and superconductors, all separated by
a thin insulating barrier (typically 1-2 nm £03). Since the tunnelling probability decays
exponentially by factor of10? for a single atom diameter it is clear that the interface and
magnetic transport across hanometre-sized layers will play a major role. The effective barrier
quickly increases for electrons tunnelling at energies beigwletting only electrons within
a few tenths of an eV below r participate in tunnelling. Of those, the s,p electrons with
their more delocalized wavefunctions leak out the farthest and are expected to dominate the
tunnelling matrix element. Infact, the spin polarization of d states at the Fermi level would give
the wrong sign for the spin polarization in Ni and Co. Since the majority d band is full in Ni
and Co the minority d states dominate at the Fermi level. A simple free electron model for the
s,p electrons explains the majority spin polarization seen in tunnelling from ferromagnets into
superconductors [16]. Integrating a constant density of states in three-dimerisigpate
over the Fermi spherik| < kr one obtains a total s,p-electron density~ k3 ~ Ei/z and
a density of states = dN/dE ~ E,lp/2 ~ kr. The corresponding spin polarization®&t is
[16]:

Piree = [(ny —n))/(ny +n))] = [(kpy —kpy)/(kpy +kp))].

That fits the data for Fe quite welP(,,,,.; = 40% versusPs,.. = 43% [16]) and it did fit early
results for Ni. However, the experimental spin polarization in Ni has increased substantially as
better tunnel junctions became available and is now incompatible with the free electron model
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Figure 7. Preparation of straight steps on Si(11X7. The overview on the left shows only a
single kink in 20 000 edge atoms (34@90 nn?). The close-up on the right (4070 nn?) shows
atomically straight step edges following the natural grooves in th@ Burface that separate areas

of opposite stacking. The derivative of the STM topography is shown, giving the appearance of a
surface being illuminated from the left. After Viernatal [28].

™ 7 nanometers

Figure 8. Arrays of Cak stripes and dots, lined up along steps of a Si(124)7 surface. The
dot density is 3x 10 cm~2, or 2 Teradots/iA From Viernowet al [29].

(Prunnet = 23-33% versu®y,.. = 6% when using de Haas—van Alphen and photoemission
data for forkr).

This discrepancy in Ni calls for a more refined model. First one should take the actual
Fermi surface with itg-dependent magnetic splitting into account, instead of using a free-
electron Fermi surface with a constant splitting. In addition to the correct Fermi surface one
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has to take the actual spin polarizationFat into account [6, 7]. It can be observed indirectly

in high-resolution photoemission experiments by resolving the two spin componehfits at

and determining their area ratios (see figure 5, right side). From the Ni(100) data (top) one
obtains an area ratid, /A, = 1.8. That gives a spin polarization of 29% at this particular
k-point in a particular geometry. The data from Ni(110) at the bottom give a lower ratio of
Ay/A, = 1.2, resulting in a spin polarization of 9%. This polarization of 9%—-29% is to be
compounded with the 6% spin polarization expected from the different size of the majority
and minority spin Fermi surface. The resulting total polarization comes closer to the 23—
33% observed in tunnelling [16, 17], particularly when considering a depolarization at higher
temperature. (Our results are for 200 K, whereas the tunnelling data were taken at much lower
temperatures.) Current work is directed towards a systematic mapping of the spin polarization
for different locations on the Fermi surface of the s,p band and an assessment of the spin-
dependent photoemission matrix element [18]. Current theories of spin-polarized tunnelling
are considering the analogous tunnelling matrix element [19].

The data in figure 5 give an example of the qualitative progress that has been made in
angle-resolved photoemission in recent years. The energy resolution has reached a level of
10 meV and better which lies well below the thermal energy, even at temperatures below
room temperature. That makes the states wiktfinof the Fermi level accessible that are
responsible for charge and spin transport, which form the basis of magnetoelectronics. Angular
multidetection, such asinfigure 5, improveskthesolution to alevel where it becomes smaller
than thek-broadeninggk = 1/1, induced by the finite scattering lengthof the electrons at
the Fermi level. That makes it possible to measure the spin-dependent mean free path. For
example, a 20% admixture of Fe to Ni in permalloy reduces the minority spin mean free path
by almost an order of magnitude down to 0.6 nm [6] whereas the majority spin mean free path
remains large at about 4 nm. Such a spin anisotropy contributes to the bulk part of the GMR
effect. Currently, the states are being sought that cause this strong spin dependence [20]. Other
alloying materials, such as Cr, are expected to affect the majority spins more than the minority
spins and thus provide the complete arsenal for controlling spin transport.

4. One- and zero-dimensional structures

After demonstrating the idea of tailoring electronic states for two-dimensional layer structures
it is natural to proceed towards lower dimensions where the density of states is expected to be
affected even more by confinement. Instead of the steplike density of states at the edge of atwo-
dimensional sub-band, one obtains/a/E singularity and &-function, respectively. Getting
down to the single-digit nanometre level by conventional writing or lithography techniques is
difficult and slow. For producing macroscopic amounts of such materials it would be desirable
to find self-assembly techniques. A variety of methods are currently being tested (for the
fabrication of wire structures see [9, 21-30]). Here we give a progress report on an effort to
utilize stepped Si surfaces [28] as templates for producing linear arrays of stripes and dots
[29, 30]. The idea is to develop a ‘universal’ fabrication method that allows the deposition of
arbitrary materials (ferromagnets, noble metals, insulators) onto a substrate of choice, such
as Si, borrowing as many techniques from Si microlithography as possible. The first step
consists of preparing highly perfect step arrays on silicon, the second of decorating these steps
with a mask material by self-assembly and the third step of selective etching or deposition, for
example by selective adsorption, chemical vapour deposition or electroplating.

The first step has been highly successful (figure 7): on the Si(12I)&urface it has
been possible to create steps with only a single kink in 20 000 edge atoms by a straightforward
annealing sequence [28]. As mask material, epitaxial,®&s been tested [29]. Depending
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Figure 9. Spin-polarized scanning tunnelling spectroscopy of a magnetically split surface state
at the Gd(0001) surface. By scanning a magnetic Gd surface with a magnetic Fe tip one obtains
tunnelling spectra that depend on the relative orientation of the magnetic moments of tip and
sample (a). That leads to a magnetoresistance when switching the magnetic orientation of the Gd
surface (b). From Wiesendanggtral [34].

on the coverage and growth temperature, £gews in stripes or forms strings of nano-dots
attached to the Si step edges (figure 8). These are typically 7 nm wide and 15 nm apart. Dot
arrays with densities of 2 Teradots per square inch have been produced which might become
useful as masks for patterned magnetic storage media. The stripe spacing can be controlled by
the miscut angle of the Si wafer, the stripe width by the £adverage. Selective deposition of
organic molecules has been demonstrated on, Galpe arrays [30], including nickelocene,

a promising precursor for depositing carbon- and oxygen-free Ni by photolysis. With silicon
templates there are many other options for borrowing deposition and etching techniques from
silicon technology. Eventually, one could consider incorporating nanostructures into Si-based
microdevices on the same chip.

The electronic structure of such one- and zero-dimensional systems and their magnetic
behaviour are just beginning to be explored. Scanning probe techniques become essential for
probing electronic states and magnetism on the nanometre scale [31]. Scanning tunnelling
spectroscopy, in particular, looks rather promising for detecting quantized states in such
structures. Such states have been observed already in non-magnetic systems, such as in two-
dimensional Pb films on Si(111)¢ 7 [32] and on one-dimensional terraces [33]. The spin-
polarized version of scanning tunnelling spectroscopy [31] has made a breakthrough recently
[34—-36] and appears on track for becoming a probe of magnetism in nanometre-size structures
that are below the resolution limit of current techniques, such as magnetic force microscopy
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(MFM). An example is shown in figure 9 [34]. A magnetized Fe tip is used to tunnel either
into an empty minority spin surface state or out of an occupied majority spin surface state
of Gd(0001). The Fe tip emits and accepts predominantly electrons polarized parallel to its
magnetization and thus enhances tunnelling from the majority spin surface state when tip
and sample have parallel magnetization (A). Tunnelling into the unoccupied minority-spin
surface states becomes stronger after switching the magnetically softer Gd with an external
field (B). In this anti-parallel configuration the unoccupied state is polarized parallel to the tip.
Magnetic surface states have been observed on other surfaces as well, such as Fe(100) and
Cr(100) [37], suggesting that this method is applicable to a wider class of systems. Even inthe
absence of a specific surface state one expects a magnetoresistance effect in scanning tunnelling
spectroscopy similar to that for spin-polarized tunnelling across plan&¥sAlinctions.
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