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Element-Specific Magnetic Anisotropy
Determined by Transverse Magnetic Circular
X-ray Dichroism

H. A. Durr, G. Y. Guo, G. van der Laan, J. Lee, G. Lauhoff,
J. A. C. Bland

Understanding of the magnetocrystalline anisotropy in magnetic materials (the influence
of different elemental components on the direction of easy magnetization) can be greatly
enhanced by measuring the orbital moment anisotropy of the elemental constituents. A
circular x-ray dichroism technique is presented that allows the determination of the
rnicroscopic origin of the spin reorientation transition in ultrathin single-crystalline cobalt/
nickel films. The stronger anisotropy contribution of a much thinner cobalt layer redirects
the easy magnetization direction of the entire film.

Understanding of the magnetic anisotropy
in nanostructures is of both scientific and
technological importance. In device appli-
cations, such as magnetic and magneto-
optic recording, the use of different magnet-
ic materials such as alloys or layered systems
allows tailoring of the magnetic anisotropy,
that is, the easy direction of magnetization.
So far it has only been possible to measure
the magnetic anisotropy of the total system.
We report here the separate measurement
of the anisotropy contributions of the ele-
mental constituents with transverse mag-
netic circular x-ray dichroism (TMCXD).
The difference in x-ray absorption between
left and right circularly polarized light is
measured in a transverse geometry where
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for an isotropic sample the dichroism signal
vanishes.

We studied the changes in the magne-
tocrystalline anisotropy (MCA) that oc-
curred when an ultrathin Co film was de-
posited onto a 33-monolayer-(ML)-thick Ni
layer. The films were grown and structurally
characterized under ultrahigh vacuum con-
ditions as described in detail elsewhere (1).
The conventional way to obtain informa-
tion about magnetic anisotropies is through
hysteresis loops (Fig. 1). In the 33-ML Ni
film, the spins are remanently oriented
along the sample normal. Deposition of only
3 ML of Co onto the Ni surface forces the
spins into the surface plane. With the mag-
neto-optical Kerr effect, which is the usual
method to measure the loops in Fig. 1, it is
not possible to distinguish between the dif-
ferent elements Co and Ni (2). Magnetom-
etry with conventional MCXD can in prin-
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ciple achieve this by measuring the element-
resolved orientation of the spin magnetic
moments (3). However, because of the
strong exchange coupling between Ni and
Co, the hysteresis loops for the two elements
are identical, making it difficult to differen-
tiate between the different mechanisms de-
scribing the behavior displayed in Fig. 1. It
has been shown that the perpendicular mag-
netic anisotropy of the Ni film in Fig. 1 is
related to the Ni in-plane lattice expansion
in the epitaxial Ni/Cu system (1, 4). Thus,
the Co top layer, which favors a smaller
lattice parameter than the substrate (5),
could be forcing the spins in-plane through
a strain reduction in the Ni layer. An alter-
native is that face-centered-cubic Ni and Co
lattices respond differently to strain; Ni has
an easy magnetization axis perpendicular to
the direction of the lattice expansion,
whereas the Co spins prefer to be parallel
(6). We show below the close relation be-
tween MCA and the orbital moment aniso-
tropy. Element-specific TMCXD measure-
ments show that it is indeed the stronger
in-plane anisotropy of the thinner Co layer
that forces the larger magnetic moment of
the Ni layer in-plane.

The leading contribution to the MCA is
thought to be the spin-orbit coupling (7, 8).
It can be shown that, for 3d transition metal
magnets, the spin-orbit contribution to the
ground-state energy E is proportional to the
scalar product of the expectation value of
the orbital moment vector L and a unit
vector S in the direction of the sample
magnetization (9)

E « —£LS (1)

where £ is the spin-orbit coupling parame-
ter. This result is very intuitive. It shows
that the spin-orbit coupling tries to align L
and S (anti)parallel to each other to mini-
mize the total energy of the system. The
negative sign applies to the transition met-
als with more than half-filled 3d shells and
corresponds to a parallel alignment of L and
S. In transition metals, the orbital moment
is determined by the interplay of the spin-
orbit coupling with the much stronger crys-
talline field interaction. It is the crystalline
field that acts directly on the electron orbits
and fixes L relative to the crystal lattice. As
a consequence, we obtain different values of
L if the spins are oriented along different
crystal directions by a strong external mag-
netic field. The easy magnetization direc-
tion N is then given as the direction with
the largest component of L that results in
the lowest energy (Eq. 1). This important
relation of the orbital moment and the
MCA has recently been verified experi-
mentally by Weller et al. (10).

L and S are parallel when S is along a
high-symmetry direction of the crystalline
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Fig. 1. Hysteresis loops measured with the mag-
neto-optical Kerr effect (MOKE). The magnetic field
was applied perpendicular to the sample surface.
The MOKE signal is proportional to the sample
magnetization along this direction. For the 33-ML
Ni film (lines and solid symbols), a rectangular loop
shows that the Ni spins align remanently along the
surface normal. Co deposition causes a spin reori-
entation into the surface plane. For 3-ML Co on a
33-ML Nifilm (lines and open symbols), the hyster-
esis loop shows mainly in-plane magnetization.
The reduced remanence at zero magnetic field
indicates that there is still a small perpendicular
magnetization component. At higher Co thick-
nesses, all of the Co and Ni spins are completely
in-plane. The Co and Ni films were evaporated

-
T

MOKE signal (arbitrary units)
L =)

-0.2

-0.1 0.0 0.1 0.2

Maghnetic field (T)

onto a 550-ML Cu/Si(100) substrate and capped with a 15-ML-thick Cu layer to prevent oxidation (7).

structure. If the spins are forced to align
along a nonsymmetry crystal direction by
an external magnetic field, a situation arises
as depicted in the insets of Fig. 2. The
broken symmetry no longer restricts L and
S to be parallel. Spin-orbit interaction still
tries to align L parallel to S. This is partially
counteracted by the crystalline field, which
pulls L towards N, thus causing a compo-
nent of L perpendicular to S. The size of L |
is a measure of the MCA, the strength to
restore the spin alignment along N. L | can
be shown to be proportional to Eyca,
which is defined as the energy difference
between spin alignment perpendicular and
parallel to the film surface (9, 11).

The orbital moment can ideally be stud-
ied with MCXD. Sum rules relate the inte-
grated x-ray absorption signals at the L,
edges for left and right circularly polarized
x-rays to ground-state magnetic properties,
such as the orbital moment and the number
of 3d holes n, (12). Circularly polarized light
is characterized by a helicity vector P along
the propagation direction. The projection of

L onto P can be obtained from (12)

4 AA

LP = —my 53— (2)

where A and AA are the integrated areas for
the sum and difference spectra of the two
light helicities, respectively. The measure-
ment for the 33-ML Ni film is shown in Fig.
2A. The data were obtained on beamline
1.1 of the Synchrotron Radiation Source
Daresbury with 80% circularly polarized x-
rays. A 2-T magnetic field from a supercon-
ducting magnet was used to saturate the
sample. The field was reversed while the
light helicity was kept fixed, which results in
the two spectra at the top in Fig. 2A; the
difference signal is displayed at the bottom.
We chose a geometry where the magnetic
field H, and consequently S|[H, was perpen-
dicular to P. The x-rays were incident at an
angle of 45° relative to the surface. Accord-
ing to Eq. 2, we then measured L,. The
obtained value is L, /n, = —0.010 * 0.005
(in units of # = 1, where # is Planck’s

L) J
02f fet Ni

€
S
]

S 0.0 4
[]
E
<
2
ui

02} -

fct Co
-0.010 -0.005 0.000  0.005
LJ.

Fig. 3. Relation between the transverse orbital
moment L, (in units of £ = 1) and the magneto-
crystalline anisotropy energy E,,,, Which is the
energy difference between spin alignment per-
pendicular and parallel to the film plane. L, canbe
shown to be half the difference in L with the spins
aligned perpendicular and parallel to the film plane
(9) and was calculated in this way. Calculations
were performed for face-centered tetragonal (fct)
Co and Ni lattices with distortions of up to +3.3%.
The drawn line is a linear fit to the data.

constant divided by 2). The sign of L
determines the direction of L and demon-
strates that N is along the sample normal
(compare with the inset to Fig. 2A). A sim-
ilar measurement at the Ni L, ; edges of the
3-ML Co/33-ML Ni film gave an identical
result, which shows that, for this sample, the
Ni spins also prefer to be perpendicular to
the film plane. The in-plane magnetization
for the total Co/Ni system must be due to the
Co orbital anisotropy; measurements at the
Co L, ; edges (Fig. 2B) show that the Co
TMCXD spectrum has the opposite sign as
compared with that of Ni and show its ten-
dency to order in-plane. We obtain a value

Fig. 2. X-ray absorption 3 T
spectra (XAS) taken in the A

total yield detection mode
with 80% circularly polar-
ized light (A) at the Ni L, 4
edges of 33-ML Niand (B)
at the Co L, 4 edges of
3-ML Co/33-ML Ni films.
The upper traces in both
figures show the effect of
areversal of the magnetic
field H on the XAS spectra
(blue and red lines). The
TMCXD spectrum (sym-
bols) is the difference of
the XAS spectra obtained
for the two magnetization
directions. Diagrams in

Intensity (arbitrary units)

TMCXD,

xas =

i Ni

0 p=—m=——

upper right comers show

™CXD G F x2

schematic views of the
measurement geometry
depicting the relative ori-
entation of magnetic field,

1
840

1
860
Photon energy (eV)

760
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800 820

light helicity vector P, and orbital magnetic moment vector L; the vector N gives the easy direction of magnetization.
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of L | /my, = 0.050 = 0.005, which is thus five
times larger than that of Ni.

For a direct comparison of the Ey -, in
Ni and Co, we need to know the propor-
tionality factors in Eq. 1. We performed fully
relativistic first-principles band structure
calculations in the local spin-density ap-
proximation (13) for both Co and Ni (Fig.
3). Their face-centered lattices were tetra-
gonally distorted to various degrees, result-
ing in a simultaneous change in Ey,~, and
L, . These quantities show a linear relation
with the same proportionality factor over a
wide distortion range. This is surprising, be-
cause £ for Ni is about 12% greater than that
for Co. The small deviations from the linear
behavior can be assigned to additional terms
neglected in Eq. 1, such as the magnetic
dipole contribution (9). Applying the curve
in Fig. 3 to our experimental data, we obtain
for the magnetic anisotropy energy of the
33-ML Ni and 3-ML Co layers per unit cell
values of ENjca = 14 meV and E$S., =
—11 meV (14), where we used the calculat-
ed number of 3d holes of n}! = 1.4 and n{°
= 2.4. The measurements show unambigu-
ously that the Ni spins in both cases favor a
perpendicular orientation, and it is the an-
isotropy contribution of the Co layer that
determines the spin orientation of the entire
film. For the 3-ML Co/33-ML Ni film, the
anisotropy contributions nearly cancel each
other, resulting in the mixed in-plane and
perpendicular easy-axis characteristics of
Fig. 1. A small increase in the Co layer
thickness causes a negative total anisotropy
energy, and consequently, the easy magne-
tization direction will be completely in the
film plane in agreement with the hysteresis
measurements.

The strong exchange interaction through
the Co/Ni interface mediated by 3d electrons
couples the spins of the two layers parallel
(2). Our element-specific TMCXD measure-
ments establish the competition between the
in-plane anisotropy of the Co orbital mo-
ment and the out-of-plane anisotropy of the
Ni layer. This leads to the observed Co
thickness-dependent reorientation of the to-
tal spin magnetic moment. Such measure-
ments can be performed in a fixed geometry
and only involve monitoring of the x-ray
absorption cross-section, which in principle
can be done in reflection or transmission.
Combined with x-ray microscopy, this tech-
nique could be used to image magnetic an-
isotropy of nanostructures and devices.
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Glacial Cycles and Astronomical Forcing
Richard A. Muller and Gordon J. MacDonald

Narrow spectral features in ocean sediment records offer strong evidence that the cycles
of glaciation were driven by astronomical forces. Two million years ago, the cycles match
the 41,000-year period of Earth’s obliquity. This supports the Croll/Milankovitch theory,
which attributes the cycles to variations in insolation. But for the past million years, the
spectrum is dominated by a single 100,000-year feature and is a poor match to the
predictions of insolation models. The spectrum can be accounted for by a theory that
derives thelcycles of glaciation from variations in the inclination of Earth’s orbital plane.

Nearly as soon as the ice ages were dis-
covered, their origin was attributed to as-
tronomical causes. In the late 1800s,
James Croll assumed that the ice ages were
driven by changes in insolation (solar
heating) brought about by variations in
Earth’s orbit and spin axis (1, 2). Accord-
ing to Croll, and to Milankovitch after
him (3, 4), the main orbital parameters
that affect insolation and its distribution
are Earth’s orbital eccentricity, obliquity
(the tilt of Earth’s poles toward the sun),
and precession (the lag between equinox
and perihelion). However, it was not until
1970 that Broecker and van Donk (5)
established that glaciation in the late
Pleistocene was truly periodic and was
dominated by a 100,000-year (100-ky) cy-
cle. This period was soon identified with
the quasiperiodic 100-ky cycle of Earth’s
eccentricity. (We will offer evidence that
this identification was premature.) In ad-
dition, another strong cycle was discov-
ered with a 41-ky period that matched the
cycle of changes in Earth’s obliquity (6).
This 41-ky cycle appears to have dominat-
ed glacial changes from 1.5 to 2.5 million
years ago (Ma) (7). The 100-ky cycle has
dominated from 1 Ma to the present.
Much of the best data for paleoclimate
studies comes from ocean sediments, in
which proxies for climate, preserved in
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fossils, are measured as a function of
depth. The oxygen isotope ratio 8'80 is
believed to reflect the amount of Earth’s
water frozen in ice and thus is a measure of
Earth’s global ice volume. To turn a record
of 880 versus depth into a record versus
time, the sedimentation rate must be esti-
mated. This is often done with a process
called tuning, in which the instantaneous
sedimentation rate is deduced by matching
cycles in 380 to calculated perturbations
in Earth’s orbit. Parameterized sedimenta-
tion rates are adjusted to bring the ob-
served proxy variations into consonance
with the predictions of the model. This
approach is potentially circular if the re-
sults are used to validate the climate mod-
el used to tune the record. Neeman (8) has
demonstrated with Monte Carlo tests that,
given enough parameters, tuning proce-
dures can successfully match data to an
incorrect model, resulting in an inaccurate
time scale as well as in a false validation of
the model. Therefore, for the present
work, we emphasize the use of time scales
that are untuned and assume constant sed-
imentation with average rates constrained
by radiometrically measured control
points.

A strong case for astronomical forcing
of glacial cycles comes from analysis of
3180 data for the age interval 1.5 to 2.5
Ma from Deep Sea Drilling Project
(DSDP) site 607, located on the west
flank of the Mid-Atlantic Ridge. For a full
description of the stratigraphy, dating, and
magnetic correlation, see Ruddiman et al.
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