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The dispersion with parallel momentum of unoccupied metallic quantum well states in the Cu/fccCo/
Cu(100) system has been measured using inverse photoemission and modeled using a phase analysis
approach. A flat band near the Fermi level is observed near the neck of the Cu Fermi surface along the
TX direction. Appearance of the state coincides with a hybridization gap in the minority spin bands of
the underlying Co and its influence on the phase and strength of the short period magnetic coupling in
this and similar systems is discussed. [S0031-9007(98)05319-8]

PACS numbers: 75.70.Cn, 73.20.Dx, 79.60.Dp

In many metallic multilayer systems, the magnetic cou- In this paper we present inverse photoemission (IPE)
pling of ferromagnetic (FM) layers oscillates betweenmeasurements of the dispersion with parallel momentum
parallel and antiparallel orientations as a function of non<{k) of metallic quantum well states observed in 2, 3, and
magnetic (NM) spacer layer thickness [1-5]. The pres4 ML thick Cu overlayers on a thin fccCo film grown
ence of antiparallel coupling gives rise to the so-called gi-on a Cu(100) substrate. We interpret these results using
ant magnetoresistance (GMR) effect. The periodicity ofa phase accumulation calculation [18—22]. We observe
the coupling is thought to be determined by the extremaa Cu MQW state that exhibits a flat dispersion near the
points of the NM layer’s Fermi surface in the direction per-neck of the Fermi surface. The flat dispersion means that
pendicular to the layers [6—10], and the strength of couat thicknesses where the MQW state is nEar the film
pling depends upon how wide a range of states near the$ms many states nearby iy to contribute to the short
critical points can participate. In Cu/fccCo/Cu(100) mul- period coupling. The model calculation correctly predicts
tilayers, an important model system, there is a long pethe periodicity of Fermi level crossings, shows that the
riod [5.6 monolayer (ML)] coupling associated with the flat dispersion is caused by the hybridization gap in the
Fermi surface belly and a short period (2.6 ML) associ-minority spin states of the underlying Co, and suggests
ated with the Fermi surface neck. Magnetic measurementsow location of this gap in the FM layer can affect the
[4,5] show that high quality multilayers exhibit these two strength and phase of the short period magnetic coupling.
periods of oscillation, that coupling is stronger for the short The inverse photoemission measurements were per-
period oscillation, and that the phase (as a function of Cdiormed in the isochromat mode using a spectrometer that
thickness) and strength of the short period interaction dehas been described in detail elsewhere [23]. An electron
pends on the identity of the FM layer. gun of the Stoffel-Johnson design [24] directed a well-

The magnetic coupling between FM layers is associcollimated, monoenergetic electron beam onto the sample,
ated with quantum size effects that modify the electroniand the incident electron angle was varied alonglitie
structure of the Cu layer. Interface scattering produceszimuth. Photons of energy5 *= 0.2 eV that were gen-
metallic quantum well (MQW) states that move to lower erated by radiative decay of these electrons were collected
binding energy with increasing Cu thickness and moduusing a Geiger-Mdiller tube using a $réntrance window.
late the magnetic coupling as they pass through the Fern8pectra were obtained by monitoring thé eV emission
level (EF) [6,9,11-15]. Recently, MQW states have beenas a function of incident electron energy, which ranged
observed crossingr in photoemission and inverse pho- from ~4-12 eV. The spectrometer also contained low
toemission experiments [11-14,16,17], but these studiesnergy electron diffraction (LEED), Auger electron spec-
have focused either on specific points in the 2-dimensionatoscopy, independent thermal evaporation sources for Cu
Brillouin zone (2DBZ) [11-14,16,17], or on the disper- and Co, a quartz crystal microbalance (QCM), and reflec-
sion of MQW states away fronkr [16]. However, the tion high energy electron diffraction (RHEED).

(100) surfaces of the fcc FMd3transition metals have  The films examined here were prepargd situ on
projected band gaps & near the neck of the Cu Fermi a Cu(100) single crystal that was cut and polished to
surface so that, in the region of the 2DBZ responsiblewithin 0.5° of its high symmetry direction. Atomically
for short period coupling, the dispersion of the Cu MQWclean and well ordered Cu(100) surfaces were obtained
states is strongly influenced by the FM layer. These facby a sequence of Ar ion sputter and700 K anneal
tors will directly affect the strength of magnetic coupling, cycles. After~20 ML of Cu homoepitaxy, & ML fccCo

the phase of magnetic oscillations, and will depend sysfilm was deposited on the Cu(100) surface. Finally, Cu
tematically upon the identity of the FM layer. films of integer ML thickness were deposited at room
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tion of incident angle along thEX azimuth of the4 ML
Cu/fccCo/Cu(100) system is shown in Fig. 1(a). As the
polar angle increases, the MQW level initially disperses
to higher energy. Nea# = 26°, the MQW feature ap-
pears to split, and at larger angles the spectra show an even
richer structure. Of particular interest here, however, is
the feature neaf.5 eV that first appears nea; = 35°.
This state remains strong for all larger angles and stays
at approximately the same energy /gsincreases. Fig-
ure 1(b) shows spectra from the three different Cu film
thicknesses fof; = 45°, approaching the neck of the Cu
Fermi surface. As has been seen in previous photoemis-
sion studies [16], the intensity neAr changes with film
thickness. We associate this feature with an MQW state in
the Cu film that occurs near the neck of the Fermi surface.
To understand the energy-momentum behavior of these
Cu-MQW states, we have modeled the Cu/fccCo(100)
system using the phase analysis scheme developed by
Smith [18-20,22]. Here we extend the model to finite
parallel momentum [19,20] The general idea is that an
MQW level is predicted when the total phase accumulated
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ho=95eV by an electron during a round trip within the Cu film
| IAlongl“Xl is equal to an integer time2z. This can be written
= [ T a T alternatively as
[2] ‘.
£ R, Adp + Ade + 2mk a = 2an, (1a)
5 2mk,a = 2mn — Adp — Adc, (1b)
< e S where m and n are integersk, is the perpendicular
2 < Cu/fecCo/Cu(100) momentum in the Cu filma is the Cu monolayer
g 6=45° thickness, whileA¢p and A ¢¢ represent the phase shift
£ ky =080 A% at By upon scattering from the surface barrier and Co substrate,
! I L respectively. Equation (1b) separates phase accumulation
0 2 4 6 8 in the film from phase changes upon scattering at the
Energy ( eV)

interfaces. In this model, it is convenient to enumerate
FIG. 1. (a) Inverse photoemission spectra frathlL Cu/ ~ MQW states by the integer = m — n, which relates the
fccCo/Cu(100) as a function of incident angle along h&  nodal structure of the state to the layer thickness. To

direction of the 2D Brillouin zone. The tick marks indicate the predict levels away from the center of the SBZ, these

MQW levels. The arrows indicate a slowly dispersing featurequantities must be evaluated at the of interest. The
near Er that emerges near the neck of the Cu Fermi surface

(b) Inverse photoemission spectra obtained %t for different value of k, as a functlo_n of energy in the film was
film thicknesses normalized to the intensity minimuri atev.  calculated using a combined interpolation scheme [28—
30] for the bulk Cu band structure.

temperature with no further treatment. The QCM, and We model the surface barrier by the image potential
hence the metal deposition rates, was calibrated to afor which the scattering properties are well known and, as
accuracy of~10% using Rutherford backscattering. Lack pointed out in Refs. [18,21] are very similar to those of
of significant interdiffusion, even for Cu films in the the empirically determined surface barrier in the energy
1-2 ML range, was confirmed by thermal desorption ofrange of interest. The phase shift from scattering at the
CO where a single peak at170 K was observed with no surface is therefore given by [19,20]
further desorption at higher temperatures as expected for
CO bonded to Co [25]. In addition, the sharp, dispersing
image state of the Cu films, as well as the film’s LEED
and RHEED patterns, were virtually identical to those of
Cu(100), indicating flat overlayer growth. where Ey is the vacuum level. Here, we have included
Normal incidence inverse photoemission spectra from ahe effect of finitek by recognizing that only the part of
series of Cu thin films of different thickness exhibit [26] the energy associated with the momentum perpendicular
MQW levels and Fermi level intensity oscillations in good to the surface is relevant.
agreement with earlier measurements [11,12,27]. A se- The phase shift upon scattering at the Cu/fccCo(100)
ries of inverse photoemission spectra obtained as a funiaterface can in principle be modeled accurately with
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knowledge of the fccCo band structure [10]. In generaljs reasonably well described by tlve= 0 state, although
however, the phase shift is a slowly varying function ofits energy is overestimated by the phase analysis model.
energy, except when a band gap is traversed where A& similar overestimate was made in a previous application
advances byr. In keeping with the spirit of Ref. [22], we of this model [22], and is most likely caused its simplicity
assume that the phase shift from the Cu/fccCo interface iB2]. The second dispersing level, indicated by the circles
constant at energies where the bulk bands are encounterédl,Fig. 3, is most likely related to the = 1 state of the
and is modeled by the functional form 4 ML film. Of primary interest here is the feature near
_ . 1/2 the Fermi level that is observed on all three films for
A¢pc = 2arcsif(E — E1)/(Ey — E)]'? — 7 (3) ky > 0.6 A=!. The level is associated with the = 1
when aband gap is crossed. Hdtg,andE; representthe MQW state for the 2 and ML films, while for the4 ML
upper and lower edges of the Co band gap, respectivelyilm it is the » = 2 level that is near the Fermi level.
The location of the band gaps in the fccCo band structurdn each case, the phase analysis model predicts that the
projected into the (100) surface, was determined by a tighevel has a region of flat dispersion while it is near the

binding calculation [31]. neck of the Fermi surface owing to the hybridization gap
In Fig. 2(a) we plot a series of curves showing the endin the minority Co states. The effect of the Co band
ergy as a function of accumulated phasgjat= 0.98 A~!,  gap on the film dispersion can be understood from the

which is approximately the neck of the Fermi surface. Thephase crossings of Fig. 2(b). The intersection of the solid
dashed curves show the phase accumulated in the Cu wellirves give the predicted location of the= 1 level at
for different thickness films, and thin solid curves accountk; = 0.49 A~ for 2, 3, and4 ML Cu thicknesses, while
for the phase shift from the interfaces. The rapid phas¢he dashed curves give the same information fpr=
shift between—0.15 and0.75 eV is the contribution from 0.62 A~!. We see that the large phase shift introduced
A ¢ as the Co band gap is traversed. At the intersectionby the band gap results in little energy shiftigschanges
of these two sets of curves, the model predicts an MQWor the 2 and3 ML films. In fact, the2 ML film shows
level. Note that levels of successively higher valueg of a negative dispersion. In contrast, when the state is away
pass through the Fermi level at regular intervals. At thiSrom the gap, as in thé ML film, the dispersion is very
kyj, the model predicts a periodicity 8f7 ML for the Fermi  rapid and is similar to that expected for bulk Cu levels.
level crossings of the MQW states, in very good agreement The phase accumulation calculation shows that the
with currently available photoemission data [16], as wellhybridization gap in the minority bands of fccCo causes
as the predicted [7—10] and observed [4,5] short period fothe flat dispersion of the Cu MQW state near the neck of
magnetic coupling in these systems. the Fermi surface. This does not change the periodicity
A comparison of the MQW level dispersions predictedof the Fermi surface crossings and therefore should not
by the phase analysis model (lines) to those measured mffect the length of the short period magnetic coupling.
the IPE experiments (symbols) is shown in Fig. 3. TheHowever, the location of band gaps in the FM layer
projected band gaps of Cu(100) and fccCo(100) [31] arean affect the phase and the strength of the magnetic
also shown. The rapidly dispersing feature at high energgoupling. Referenced t&r and compared to fccCo,
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FIG. 2. (a) Phase accumulation fat= 0.98 A~! along TX for a Cu(100) film bounded by fccCo on one side and the image
potential on the other. The dashed curves siawk , a and the solid curves are solutions2an — A¢g — A¢dc. (b) Phase
accumulation generating the = 1 state fork; = 0.49 A~! (solid curves) andy = 0.62 A~' (dotted curves) for different layer
thicknessesy:.  The rapid phase shift in the Co gap results in a small dispersiom fer 2 and 3.
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