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Viewpoint
X Rays Expose Transient Spins
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X-ray magnetic circular dichroism detects the transient magnetic moments that are induced in a
nonmagnetic material by spin injection from a ferromagnet.
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The possibility that spin-polarized electrons can travel
over relatively long distances in nonmagnetic materials,
such as copper, offers exciting prospects for applications
in spintronics and information technology [1, 2]. Exper-
imental and theoretical studies have shown that spin-
polarized electrons injected from a ferromagnet into a
nonmagnetic material give rise to a spin accumulation
(magnetization), and a spin current, in the nonmag-
netic material. Notwithstanding a large body of experi-
mental work, evidence for such a spin accumulation at
the nanoscale has so far been lacking, because it re-
quires sophisticated techniques that can probe directly
the magnetic moments induced in the nonmagnetic ma-
terial. Now, Jo Stöhr and colleagues [3] report how they
have used x-ray spectromicroscopy to detect the transient
magnetic moments in a nonmagnetic metal layer (copper)
caused by spin injection from an adjacent ferromagnetic
layer (cobalt).

The origin of spin accumulation across a ferromag-
net–nonmagnetic material (F/N ) interface can be clari-
fied as follows [4]. Assume the ferromagnet has an excess
of spin-down electrons over spin-up electrons. When a
voltage is applied to the structure so that electrons flow
from the F side to the N side, more spin-down electrons
travel across the interface. This spin imbalance leads to
the accumulation of spin-down electrons near the inter-
face, which diffuse away from it into both sides. The dif-
ference in the chemical potentials for each spin direction
at each point in the structure determines the spin cur-
rent: on the F side, the spin current increases with dis-
tance from the interface until it reaches a plateau value,
whereas on the N side, it decays and eventually vanishes
because of spin-flip scattering (Fig. 1).

In their study, Stöhr and colleagues used a multilayer
nanopillar structure comprising a ferromagnetic cobalt
(Co) layer and a neighboring nonmagnetic copper (Cu)
layer. The small dimensions of the nanopillar allow a

charge current of high density to flow in the structure,
which is necessary to observe the spin accumulation,
while any undesired magnetic field produced by this cur-
rent remains low. The authors obtained high-resolution
x-ray absorption spectra of the nanopillar using the scan-
ning transmission x-ray microscope at the Stanford Syn-
chrotron Radiation Lightsource.
To detect the transient magnetic moments in the Cu

layer, Stöhr and co-workers obtained an x-ray magnetic
circular dichroism (XMCD) spectrum. This spectrum is
determined from the difference between two x-ray absorp-
tion spectra: one with the circular polarization direction
of the x-rays parallel to the magnetization direction of the
structure, and the other with the polarization direction
antiparallel to it [5]. The spin-polarized core electrons
in a magnetized material, excited by x-rays into the un-
occupied conduction states, generate a strong magneto-
optical effect that is observable in the XMCD spectrum.
This XMCD signal can be used to determine the differ-
ence in spin-up and spin-down electrons on the mate-
rial’s excited atoms, and, as a result, their magnetic mo-
ments. By switching the charge current flowing through
the structure periodically on and off, the authors were
able to obtain a high sensitivity to the small XMCD sig-
nal associated with the Cu atoms, which allowed them
to detect their transient magnetic moments. Moreover,
in agreement with the expectation for spin accumulation
at an F/N interface, the measurements showed that the
XMCD signal reverses in sign with the direction of the
applied current as well as with the x-ray polarization di-
rection.
Going into the details, the XMCD spectrum of the Cu

layer revealed two distinct peaks as a function of pho-
ton energy. The first peak is caused by spin accumula-
tion across the entire Cu layer, and its magnitude was
found to correspond to a transient magnetic moment of
3 × 10−5 µB per Cu atom for an electron current of 5
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FIG. 1: (Top) Ferromagnetic–nonmagnetic (F/N ) interface,
with electrons flowing from the F side (negative pole) to the N
side (positive pole) of the structure. The F side has an excess
of spin-down electrons, pointing opposite to the magnetiza-
tion (M ). (Middle) Spatial variation of the chemical poten-
tial µ(x) for spin-down (µ↓) and spin-up electrons (µ↑) in the
structure, showing a discontinuity in the average of the poten-
tials (dashed lines) across the interface. ∆µ is the difference
between these averages. (Bottom) The difference between µ↓

and µ↑ at each point in the structure determines the spin cur-
rent jS(x). The widths of the vertical shaded areas represent
the length scales over which the electrons diffuse in the two
sides of the interface, ΛF and ΛN .

milliamps; µB is the Bohr magneton, the unit used for
expressing the magnetic moment of an electron. The sec-
ond, and broader, peak, located at a photon energy that
is 0.7 electron volts higher than the first peak, is due to
the magnetization of Cu atoms at the interface, which
is induced by hybridization (mixing) between Cu and
Co electronic states. The authors find that the magne-
tization at the Cu interface is transiently increased by
about 10%, which amounts to a magnetic moment of
4 × 10−3 µB per Cu atom—about 2 orders of magnitude
larger than for the bulk Cu atoms.

Curiously, the measured spin accumulation in the bulk
of the Cu layer turns out to be 3 times smaller than
expected from modeling spin diffusion across F/N in-
terfaces. Stöhr and colleagues ascribe this deficit in the
spin accumulation to the presence of an interfacial spin-
torque process. Clearly, more work is required to com-
prehend this discrepancy, such as measuring the dynamic

response of the spin accumulation near the F/N inter-
face. Studying spin torque and “spin pumping” at F/N
interfaces and spin valves formed by an F1/N/F2 mul-
tilayer, where F1 and F2 layers represent the ferromag-
netic spin source and sink respectively, is of great interest
for device applications [6].
To understand spin pumping, suppose the magneti-

zation at the F/N interface is switched very fast; this
happens if the ferromagnetic layer has a precessing mag-
netization. In this case, the difference in the chemical
potentials of the spin-up and spin-down electrons leads
to a large nonequilibrium spin current. This current can
be injected into the nonmagnetic material through the
effect of ferromagnetic resonance, creating a pure spin
source, or “spin battery” [7]. Spin pumping into the
nonmagnetic material has been observed indirectly as
an increased damping of the ferromagnetic resonance [8].
However, XMCD makes it possible to study the magne-
tization dynamics of the source and sink layers indepen-
dently. Important steps in this direction have recently
been taken, by evidencing the spin pumping using x-ray
ferromagnetic resonance experiments in which the pre-
cessing magnetic moments are excited by microwave ra-
diation and probed with XMCD [9, 10].

This research is published in Physical Review Letters.
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