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Determination of the Magnetic Coupling in the Co/Cu/Co(100) System
with Momentum-Resolved Quantum Well States
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The relation between the quantum well (QW) states and the oscillatory magnetic coupling in
Co/Cu/Co grown on Cu(100) was investigated by angle resolved photoemission spectroscopy, magnetic
x-ray linear dichroism, and the surface magneto-optic Kerr effect. The QW states were explained
guantitatively using the phase accumulation model, and the derived QW phases ay @& idterface
were used to calculate the interlayer coupling. The agreement between this calculation and the
experimental result reveals that the phase relation between the long- and short-period couplings is
determined by the phase relation of the QW stateks gpace. [S0031-9007(99)09151-6]

PACS numbers: 75.70.Ak, 75.30.Kz, 75.30.Pd, 75.50.Bb

Quantum well (QW) states in metallic thin films were the Ci/Fe(100) system and identified the origin of the
first observed in the nonmagnetic Agu(111) system long-period oscillations ik space, but the existence of
[1]. Later, it was shown that QW states also exist in athe short-period DOS oscillations &% was inconclusive
metal overlayer grown on f&rromagneticsubstrate [2,3]. [14]. Therefore, it has become very important to identify
These discoveries promoted intense research on the ithe relation of different QW states ih space to explore
trinsic relation between the QW states and the oscillatoryhe relative phase of the long- and short-period interlayer
interlayer coupling [4,5] in the giant magnetoresistancecouplings. In this Letter, we report results on the
(GMR) [6] magnetic multilayers. The QW nature of the momentum-resolved QW states using ARPES as well as
interlayer coupling was identified from both the magneticon the interlayer coupling using the magnetic x-ray linear
measurements [7,8] and a photoemission experiment [9lichroism (MXLD) and surface magneto-optic Kerr effect
Despite the great progress in the coupling study, severdBMOKE) on the CYCo(100) system. We first investi-
important issues remain unclear. One of the basic opegated the QW states ihspace by doing ARPES on a Cu
questions is the relation of the long-perioet10-18 A)  wedge grown on Co(100). We then studied the interlayer
and short-period (~3-6 A) oscillations.  Magnetic coupling using the MXLD and SMOKE techniques. With
measurements suggest that the long- and short-period coa-direct comparison to the QW results obtained from
plings are correlated with a relative phase and amplitudeghe ARPES, we show that the QW phases at the Cu/Co
Recent experiments revealed that the relative amplitudesterface ink space determine the relation of the long- and
depend sensitively on the interfacial roughness [10]short-period oscillations in the interlayer coupling.
However, the origin of the relative phase between the The experiment was performed using photoemission at
long- and short-period couplings remains unclear. Tdahe Advanced Light Source (ALS) at the Lawrence Berke-
better understand the origin of the interlayer couplingdey National Laboratory. The fine focus (50—210@n
with different oscillation periodicities, several groups spot size) and high intensity>(10'> photons per sec
recently performed angle resolved photoemission speat a resolving power of 10000) of the photon beam at
troscopy (ARPES) experiments to investigate the QWbeam line 7.0.1.2 enabled photoemission experiments on
states ink space. Segoviat al. studied the CCo(100) wedged samples with monolayer thickness resolution.
system [11] at the neck of the Cu dog bone shape of th&he Cu(100) substrate was electropolished and cleaned
Fermi surface (see Fig. 1 of Ref. [11]), and identifiedwith cycles of 2 keV Ar ion sputtering and annealing at
the existence of the QW states from the binding energy-500-600 °C. A 15 ML Co film was first grown on the
spectra. The short-period oscillations in the density ofCu to serve as the ferromagnetic substrate. The Cu wedge
states (DOS) at the neck of the Fermi leé&r) was was grown on top of the Co by moving the substrate
only recently observed by Klasgest al.[12]. Curti  behind a knife-edge shutter. All films were grown at
et al. performed inverse photoemission for 2, 3, androom temperature. Photoemission measurements were
4 monolayers (ML) of Cu on Co(100) near the neck ofperformed using a hemispherical analyzer. The total
the Fermi surface and focused on the dispersion of theesolution(electron+ photor) was better than 60 meV.
QW energy with the in-plane momentum [13], but did The total angular acceptance was about.1.5
not explore the relation between the long- and short- The results of the photoemission measurement on
period oscillations. Liet al.studied the QW states in Cu(wedgefCo(100) under normal emission (belly of the
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Fermi surface) was reported previously [9]. To study the 3.4 (eV)
B = T 4.4 ( m, (2)

QW states at the neck of the Fermi surface, we performed eV) — (E — h2k3/2m) -
the ARPES measurements by rotating the sample around I
the [011] axis with the detector position fixed. The . |E-EL
QW states appearing near°land 77 eV photon energy bc=28iN - — 7. 3)
. . U L

correspond to the neck of the Fermi surface in the second
Brillouin zone [11]. The image in Fig. 1 shows the en- Here the energyf is measured from the Fermi level,
ergy spectra along the Cu wedge at this sample geometr¢.4 eV is the work function of Cu [17], ank; is the in-
A smooth background arising from the Co and @#i  plane component of the momentum which is conserved
photoelectrons was subtracted out. The oscillations in théeor ARPES. The perpendicular component of the Fermi
image clearly show the formation of the QW states neawave vector(kg,) was taken ad.1 A~! to account for
the neck of the Fermi surface. the 2.7 ML oscillation periodicity at the Fermi level.

To understand the QW energy spectra quantitativelySince the Cu band near the neck of the Fermi surface
we employ the quantization condition derived from theis very close to the free electron band [16], we adopted
phase accumulation method (PAM) [15]. the dispersion of(k,) = G(k1/k#, — 1) with G as the

) only fitting parameter. The dotted lines in Fig. 1 depict

2k{dcy — ¢c — ¢p=2mv, v =integer (1) thefitting results using = 4.7 eV. The agreement with
the experimental data indicates that the QW states at the
neck of the Fermi surface are accurately described by the
PAM using the theoretical values af, andE;.

where dc¢, is the thickness of the Cu layek, is the

momentum in the normal direction of the filrhgz is the
A e -

Brillouin zone vectorkl = ksz — k.1, and¢p and ¢c It is important to point out thaEr at the neck of the

are the phase gains of the electron wave function upop

reflection at the Cu/vacuum and the Cu/Co interfaces ! surface is within the Co energy Q@U > Ep >
Er), in contrast to the belly of the Fermi surface where

Er is above the Co energy gdfr > Ey > E;). This
difference leads to the formation of the bound QW states
t the neck of the Fermi surface as opposed to the resonant
W states at the belly of the Fermi surface [16,18]. In
terms of the PAM, a negative phasé. = —0.577) is
derived at the neck of the Fermi surface as opposed to
the zero phasép- = 0) at the belly of the Fermi surface.
This is the origin of the phase relation between the long-
and short-period couplings.
We utilized magnetic x-ray linear dichroism (MXLD)
in the Co 3p normal photoemission to measure the
Co magnetization [19]. The incident 130 eV photon
beam wasp polarized (in the plane of incidence) with
an incident angle of¢ = 30° (measured from sample
surface). Figure 2 shows th8p core-level spectra
from a 15 ML Co film grown on Cu(100). The-M
and —M are the two opposite magnetization directions
which are in the film plane but perpendicular to the
photon incident plane. The MXLD asymmetry, defined
as [I(+M) — I(=M)]/[I(+M) + I(—=M)], measures the
presence of magnetic ordering and is sensitive to the mag-
netization direction. To ensure a direct comparison of the
QW states and the magnetic coupling, we covered half of
the Cu(wedge)Co(100) with a 3 ML Co film [Fig. 3(a)]
' so that the QW states and the magnetic interlayer coupling
5 10 15 2()  can be obtained from each half of the sample. Images of
the DOS at the belly [Fig. 3(b)] and neck [Fig. 3(c)] of the
Cu Thickness (ML) Fermi surface were obtained by scanning the photon beam
across the Cu wedge on the £0(100) side of the sample
FIG. 1. Experimental results (color image) of the Cu QW ysing the methods discussed earlier. The sample was then
states near the neck of the Fermi surface in th¢@100) \magnetized with a pulsed magnetic field to saturate the
system, and the theoretical calculation (dotted lines) using. o fthe 15 ML Co. B f th f
the phase accumulation modelr is the QW index de- agngt!zat|on of the 0. because o t_e surtace
fined in Eq. (1). The DOS afr oscillates with ~2.7 ML sensitivity, the MXLD measures the magnetization of the
periodicity. top 3 ML Co only. Therefore, the MXLD asymmetry
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respectively.

To obtain the phase¢z and ¢, the upperEy) and
lower (E;) energies of the Cainority-spinenergy band
gap at the neck of the Cu Fermi surface are neede
For the 1% off-normal photoemission at 77 eV, the in-
plane momentum ig; = 0.87 A~!. The values ofEy
andE; are 0.8 eV and-0.5 eV, respectively [16]. The
¢p and ¢ can then be calculated from the following
formula [15]:

0.0

E-E; (eV)

-1.0

-1.5
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FIG. 2. MXLD spectra and the asymmetry from a 15 ML

Co film.
(b) l

measurements across the /Col(wedgefCo sandwich _
will identify the alternating magnetization direction of the B |
3 ML Co as a result of the oscillatory interlayer coupling. -
Figure 3(d) shows the image of the peak values of the
MXLD asymmetry across the G&u/Co(100) side of the
sample, with the high- and low-intensity regions corre- (d)
sponding to the antiferromagnetic (AF) and ferromagnetic
(FM) couplings, respectively.

It is well known that the oscillatory interlayer coupling (€
in Fig. 3(d) consists of two periodicities which come from
the spanning vectors at the belly and neck of the Fermi 5 10 15 20 25 30
surface. The total coupling, therefore, is usually expressed Cu Thickness (ML)
by the formula

Al 2rrde FIG. 3. (a) Schematic drawing of the sample from which
J=—> 'n( vy (I)l) both QW states and the interlayer coupling were obtained.

dcy Ay (b) (color) DOS at the belly of the Fermi surface oscillates with
Ay 2rrde 5.6 ML periodicity of the Cu thickness. (c) (color) DOS at the
- == -n<“ + q>2>' (4)  neck of the Fermi surface oscillates with 2.7 ML periodicity

dcu Ay of the Cu thickness. (d) (color) Interlayer coupling from the

) ] MXLD measurements. The white and dark regions correspond
Heredc, is the Cu thickness\; = 7 /k%; = 5.6 MLand  to the antiferromagnetic and ferromagnetic interlayer couplings.
A> = w/k{, = 2.7 ML are the long and short periods, (e) (color) Interlayer coupling calculated from Eq. (4) (see text).
and positiveJ indicates the antiferromagnetic coupling. The white and dark regions correspond to the antiferromagnetic
Experimental data are usually fitted with Eq. (4) to de-2nd ferromagnetic interlayer couplings.
rive the amplitudes and the phases. It was shown that the
relative amplituded,/A,; depends on the surface rough- tiferromagnetic coupling peak no longer coincides exactly
ness [10], but the relative phase is not well understooavith the QW peak at the Fermi level due to the broadening
[20]. Since the magnetic coupling comes from the QWof the QW state [21,22]. In the case of (2u/Co(100),
states, the values @b, and ®, must be intrinsically re- the first antiferromagnetic coupling peak of the long-period
lated to the QW phase§pc) at the belly and neck of oscillations is at~7 ML [16] which is about a 1 ML shift
the Fermi surface. The QW coupling is determined byfrom the QW peak(~6 ML). Our previous results [9]
the energy difference of the spacer layer between parallghows that a bulk electron band of Cu works very well
and antiparallel alignment of the two ferromagnetic lay-for QW states as the Cu thickness is greater than 4 ML.
ers,i.e.2J = Ep — Exp = f’i EAD dE, whereAD = Thus, it is justified to determine the thickness shift from
Dp — Dup is the difference of the density of states be-the result of Ref. [16]. At the neck of the Fermi sur-
tween the parallel and antiparallel alignment of the two ferface, the minority spin electrons are completely confined
romagnetic layers. As a QW state crosses the FermilevelEy > Eg > E;, ®c = —0.577) so that the quantization
it adds energy t&p, leading to the antiferromagnetic cou- condition atEr coincides with the maxima of. Noting
pling. When the QW states are truly confin@d) is aset that the quantization condition for ¢68u/Co should be
of delta functions so that the antiferromagnetic coupling2k dcy, — 2¢p¢c = 2mv instead of thek{ dcy, — ¢c —
peak corresponds exactly to the presence of a QW staieg = 27 v for the Cy/Co case, it is easy to derive that
at the Fermi level. For resonant states, however, the anb, = —7/2 — 2¢¢ = 0.647. Atthe belly of the Fermi
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surface, the minority electrons are only partially confined We acknowledge helpful discussions with Y.R. Shen.
(EL < Ey < Eg, ®¢c = 0) so that the 1 ML shift be- This work was funded by DOE Contract No. DE-ACO03-
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