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High-field, angle-dependent x-ray magnetic circular dichroism measurements on a Au/Co-
staircase/Au structure reveal an anisotropy in the dichroism intensities parallel and perpendicular to

the film plane.

The size of this effect is related to the anisotropies of the spin density within the

Wigner-Seitz cell and of the orbital magnetic moment, both increasing with decreasing Co thickness.
The orbital moment anisotropy is shown to be the microscopic origin of the magnetocrystalline energy

anisotropy.

PACS numbers: 78.70.Dm, 78.20.Ls

The microscopic origin of magnetic anisotropy in tran-
sition metals is still imperfectly understood. In contrast
to ionic compounds where the electrons are confined to
each ion [1], the electrons in metals are itinerant and sim-
ple magnetic anisotropy pictures based on local bonding
or coordination [2] appear to fail [3]. Recently, the in-
terest in this problem has become revived in conjunction
with artificially made transition metal films and multilay-
ers with perpendicular magnetic anisotropy (PMA) [4]. It
is clear that PMA is due to an intrinsic anisotropy mecha-
nism strong enough to overcome the extrinsic macroscopic
shape anisotropy, which favors an in-plane orientation of
the magnetization. It can generally be viewed as aris-
ing from anisotropies in the crystalline lattice, i.e., from
(a generalized) magnetocrystalline anisotropy (MCA), in-
cluding such effects as symmetry breaking and strain.
One usually distinguishes contributions from surfaces (in-
terface anisotropy) [2] and from the bulk crystal lat-
tice (volume anisotropy) [5,6]. In the past, experimental
studies have mainly concentrated on characterizing MCA
through the measurement of the various phenomenological
anisotropy energy constants [4,6], which can be compared
with those obtained from electronic structure calculations
[3,7-13]. Owing to the small values of these energies
(1073-10"7 eV/atom) the reliable prediction of MCA is
still a challenge for the most advanced theoretical methods.
Even if successful, physical insight is often lost because of
the complexity of the calculations.

The present paper provides direct experimental support
for a simple picture for the microscopic origin of the
MCA, which quantitatively relates energy anisotropy
to orbital moment anisotropy [5,14]. Using high-field
angle-dependent x-ray magnetic circular dichroism
(XMCD) spectroscopy we show that the perpendicular
orientation of the magnetization direction in Au/Co/Au
sandwiches is a consequence of a large anisotropy of
the Co orbital magnetic moment. With decreasing Co
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film thickness the orbital moment becomes increas-
ingly anisotropic, with a larger value perpendicular
to the film [15]. The perpendicular orientation of
the total moment is due to the orbital moment that
redirects the spin moment into a perpendicular align-
ment through spin-orbit coupling, thus overcoming the
in-plane shape anisotropy due to the spin-spin dipole
interaction. Our measurements furthermore reveal an
anisotropy in the spin density within the atomic sphere,
as predicted recently [14]. Both effects have a common
microscopic origin: the anisotropy of the lattice [14].

The Au/Co-staircase/Au sample was made by room
temperature deposition of the metals in ultrahigh vacuum,
with background pressures below 5 X 107! mbar during
film growth [18]. First a 28 nm thick Au buffer is grown
onto a float-glass substrate, which after annealing for 1 h at
175 °C provides an atomically flat and fully (111) textured
template. Subsequently, ten Co terraces of 2 mm width
and thicknesses between 3 and 12 atomic layers (AL’s) of
Co are generated at the low growth rate of 0.3 AL/min us-
ing a linear shutter, and are finally capped with an =9 AL
thick Au layer. The Co staircase sample was characterized
by angle-dependent polar Kerr hysteresis measurements
in fields up to 20 kOe [17]. Plateaus in both the coer-
civity and the Kerr rotation confirmed its steplike struc-
ture [18]. The intrinsic energy anisotropy (per Co vol-
ume), K|, was found to follow a typical Ky + 2Ks/tco
dependence with volume and surface anisotropy constants
Ky = 0.45 MJ/m? and Kg = 0.73 MJ/m?, respectively.
The size of Ky together with the observation of second or-
der anisotropy constants K, = 0.1-0.2 MJ/m? are consis-
tent with mostly hexagonal (0001) Co. The transition from
out-of-plane to in-plane anisotropy occurs at t* =11 AL
[19].

XMCD measurements were performed at room temper-
ature at the Stanford Synchrotron Radiation Laboratory
(SSRL) on beamline 8-2 as discussed previously [16].
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Spectra were recorded in a 10 kOe external magnetic
field parallel to the x-ray propagation direction, at angles
y = 0° and 65° with respect to the surface normal. X-
ray absorption was measured by the photocurrent from
the sample using right circularly polarized x rays and
switching the magnetization direction parallel and then
antiparallel to the photon spin at each photon energy step.
A cylindrically symmetric electric bias field of +200 V
was used to collect the photogenerated electrons from the
grounded sample. This avoids experimental asymmetries
in the presence of large magnetic fields. The spectra were
flux normalized and, after subtraction of a linear back-
ground, were scaled to the same edge jump in the region
above 820 eV. This ensures that the measured dichroism
signal corresponds to a per atom basis. Measurements for
different Co thicknesses were performed by translating the
sample along the wedge direction. The x-ray beam spot
size was about 0.75 mm along the translation direction,
assuring adequate spatial resolution.

Normalized Co L, 3 XMCD difference spectra for two
Co steps at normal and grazing x-ray incidence are
shown in Fig. 1. Spin (mspin) and orbital (me,) Co d
moments were determined from the L3 and L, dichroism
intensities, denoted AA;, and AA;,, respectively. We
used the dichroism sum rules [20—23] together with the
renormalization method of Samant et al. [24]. The angle-
dependent orbital moment m_y, = —(L;)ypup/Fh can be
determined from [14,20],

C v

[AAL3 + AALz]y = _T Morb » (1)
MB

where vy indicates the x-ray incidence angle from the sur-
face normal [25]. In hexagonal Co, in-plane anisotropies
can be neglected, and we denote normal and in-plane
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FIG. 1. Normalized x-ray magnetic circular dichroism spectra
at the Co L3(778 eV) and L,(793 eV) edges for a Au/Co/Au
staircase sample and Co thicknesses of 4 and 11 AL. Spectra
are shown for normal and grazing x-ray incidence relative to the
surface. In each case the 10 kOe magnetic field was parallel to
the x-ray incidence direction.

1 _ oz, o xy
components as My, = Mgy and moyp = Mgy, respec-
tively. The spin moment mygpin = —2(S;)up/h is con-
tained in the spin sum rule [14,21]

C
[AAL, = 28411, = == (mepin — Tmy), ()
MB

where mj = (Ty)us/h is the appropriate component
of the d electron expectation value of the intra-atomic
magnetic dipole operator T =s — 3£(f - s) [21]. (T,)
reflects the anisotropy of the electron spin density within
the Wigner-Seitz cell [14]. The constant C in Egs. (1)
and (2) is proportional to the square of the radial
2p — 3d transition matrix element and is experimentally
determined from the angle averaged dichroism intensities
and the known orbital and spin Co d moments, 0.14up
and 1.64up, respectively [24,26]. The moments mgpin —
7m% and mZ,b deduced from the sum rules and corrected
for incomplete magnetic saturation are plotted in Figs 2(a)
and 2(b), respectively. Using the angle definitions shown
in Fig. 2(c) the data correction involved division by
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FIG. 2. (a) Moment mygpy, — 7myr derived from the XMCD
spectra and Eq. (2) for normal and grazing orientations,
respectively. (b) Orbital moment mg, for the same sample
orientations derived by use of Eq. (1). (c) Magnetization
components M, /Mg in 10 kOe external field along the field
direction y and angle definitions. The moments plotted in (a)
and (b) are already corrected for incomplete saturation at the
different thickness steps.
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the thickness dependent magnetization component along
the field direction M, /Mg = cos(y — 1), also plotted
in Fig. 2(c). The equilibrium magnetization angle o
was determined from polar Kerr hysteresis loops 6% (H)
measured at a field angle y in fields *H, according
to the relation 6 (10 kOe)/O,y(ZO (20 kOe) = cos¥. The
moments in Figs. 2(a) and 2(b) become increasingly
anisotropic toward the thin end of the staircase.

It has been shown recently that the magnetic dipole term
in the spin sum rule can be isolated in an angle-dependent
XMCD measurement by applying the approximate sym-
metry relation for 3d metals(T,) + (Ty) + (T,) = 0[14].
Thus, in the absence of in-plane anisotropies we can
write my + 2m¥ = 0 and separately determine the intra-
atomic dipole components m; and the spin moment Mgpip.

The actual in-plane component m]TI is obtained from the
measured components m; and m% according to m; =
m% cos? y + m¥ sin? y [25]. The results of this analysis
are plotted in Figs. 3(a) and 3(b). The spin moment it-
self [Fig. 3(a)] is essentially thickness independent. The
anisotropy in the spin density, on the other hand, shows
a strong Co thickness dependence as shown in Fig. 3(b).

At tco = 4 AL we find mg — m% = 0.048up, relat-
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FIG. 3. (a) Spin moment mgp;, and (b) electron spin density

anisotropy m% and m¥ as a function of Co thickness. m# and

m(',lrb are the in-plane projected moments calculated from the

measured quantities at y = 65° and y = 0°, as discussed in
the text. The solid lines are fits [27] to the data. (c) Orbital
moment may, and m, as a function of Co thickness. The solid
lines are fits [27], and the light solid line represents the angle
averaged orbital moment.
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ing to sizable corrections of 7my~ = 0.112up and 7m% =
—0.224up in Eq. (2). The data follow a simple mr s/tco
dilution law (solid lines) with mry = 0 [27], leading
to large extrapolated corrections 7m¥! s = 0.43up and
7mfs = —0.86up for a single atomic layer of Co sand-
wiched between Au.

We have also determined the in-plane orbital moment

mgrb [25], which together with mgﬁh is replotted in
Fig. 3(c). The thickness dependent anisotropy, Amgy, =

My — m(l)l,b, takes values up to =0.12up at the 4 AL
Co step. Amgrp decays rapidly and becomes smaller than
the experimental error for thicknesses larger than 7 AL.
A Morb.s/tco T Mop,y behavior, again, can be fitted to

the data [27]. We extrapolate monolayer orbital moments

of moirb,s = 0.36up and m(l,lrbys =~ Qup for perpendicular

and in-plane orientations, respectively. Here the bulk
Co orbital moment was assumed to be mypy = 0.14up
for both orientations. The light solid line in Fig. 3(c)
represents the angle averaged orbital moment, (mérb +

2m!,|rb)/3 [25], which is essentially independent of the Co
thickness.

Figure 3 shows that the thickness dependence of the
anisotropies in my, and my is inversely correlated. At

the thin end of the staircase we find mg,y, > m!,lrb, while

m! > my. In a picture based on the symmetry of

the d orbitals [14], this indicates that there is a larger
contribution to the Co spin moment from the in-plane (d,
and d,>_,2) than from the out-of-plane orbitals [28]. The
perpendicular orbital moment direction also arises from
the in-plane orbitals, supporting the intuitive picture that
in-plane orbits lead to a perpendicular orbital moment.

Bruno [5] has shown in a perturbation theory treatment
that the energy anisotropy in a uniaxial system caused by
the spin-orbit interaction £1 - s is directly linked to the
anisotropy of the orbital moment, and for a more-than-
half filled d shell one obtains

G
AEso = —— 4y, Morb T Morb) 3)

where the factor G/H depends on the details of the band
structure and is estimated to be about 0.2 for Co [29].
Our results show that m(,lrb > m(l,lrb and the easy axis
is therefore perpendicular to the surface (AEso is nega-
tive, K is positive [30]). Using the experimentally deter-
mined value Amgp, = 0.12up at tco = 4 AL and & =
0.05 eV [5], we obtain AEgo = —3 X 107* eV/atom
with G/H = 0.2. The measured anisotropy (volume)
density at that thickness is K; = 2.2 MJ/m?, or AEso =
—1.6 X 107* eV /atom, assuming a bulk Co atomic den-
sity of 8.97 X 10728 m™3. This is in satisfactory agree-
ment with the estimate according to Eq. (3), and can thus
be viewed as direct evidence for the simple perturbation
theory model of Bruno [5].

The importance of the present work is that it provides
direct experimental proof for a simple picture for the
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microscopic origin of the MCA. Below 11 AL of Co,
the anisotropy energy associated with the orbital moment
exceeds the value of the extra-atomic spin-spin dipole in-
teraction, which favors in-plane orientation of the spin
moment (27TM§ =9 X 1077 eV/atom), and the mag-
netization turns into the perpendicular direction favored
by the orbital moment. Because the spin-orbit cou-
pling energy (~1072 eV /atom) is large compared to the
anisotropy energies associated with the spin and orbital
moments (~2 X 107% eV/atom), the two moments re-
main coupled (parallel), and we have the interesting sit-
uation that the small orbital moment redirects the larger
spin moment into a perpendicular alignment (easy axis).
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