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Revealing Magnetic Interactions from
Single-Atom Magnetization Curves

Focko Meier,* Lihui Zhou, Jens Wiebe,T Roland Wiesendanger

82

The miniaturization of magnetic devices toward the limit of single atoms calls for appropriate

tools to study their magnetic properties. We demonstrate the ability to measure magnetization curves of
individual magnetic atoms adsorbed on a nonmagnetic metallic substrate with use of a scanning
tunneling microscope with a spin-polarized tip. We can map out low-energy magnetic interactions on
the atomic scale as evidenced by the oscillating indirect exchange between a Co adatom and a
nanowire on Pt(111). These results are important for the understanding of variations that are found in
the magnetic properties of apparently identical adatoms because of different local environments.

agnetic nanostructures consisting of a
Mfcw atoms on nonmagnetic substrates
(adatoms) are explored as model sys-
tems for miniaturized data storage and spintronic
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devices and for the implementation of quantum
computing. Because these structures are well de-
fined and controllable on the atomic scale, they are
ideally suited to study the fundamentals of mag-
netic interactions that are the ingredients of today’s
and future memory and computation technology.

Since the early days of modern research in
magnetism, the magnetization in response to an
external magnetic field (a magnetization curve)
has been recorded to gather information on the
basic properties of magnetic samples (/). Such
curves can be used to deduce the sample’s mag-

netic moment and magnetic anisotropy energy.
The downscaling of samples from bulk over thin
films and nanowires to nanodots requires an ever-
increasing sensitivity of this method. It has been
demonstrated that x-ray absorption spectroscopy
with polarization analysis is able to measure
magnetization curves of adatoms on a nonmag-
netic substrate, albeit limited to large ensembles
(2). Different approaches are potentially able to
detect individual spins with nanometer spatial
resolution ranging from magnetic resonance mea-
surements (3) over magnetic exchange force mi-
croscopy (4) to scanning tunneling microscopy
and spectroscopy (STM and STS) (5-/0). Spin-
averaged STS has been used to indirectly deduce
the properties of single and coupled spins via the
Kondo effect (5), the detection of noise (6, 7), or
the observation of exchange splittings (8, 9). In-
elastic electron tunneling has been adopted to mea-
sure the magnetic moments and anisotropy of
individual atoms by spin-flip spectroscopy (/0).
This approach is complementary to the detection of
magnetization curves but does not provide infor-
mation on the dynamics of the spin and is so far
restricted to adatoms on insulating layers. The
method of choice for varous substrates, spin-
polarized STS (SP-STS), has been proven to de-
tect single spins stabilized by direct exchange to

4 APRIL 2008 VOL 320 SCIENCE www.sciencemag.org

F. Meier, L. Zhou, J. Wiebe, R. Wiesendanger, Science 320, 82 (2008)



Fig. 2. Spin-polarized d//dV
curves from individual Co ad-
atoms. (A) Curves measured
on an hcp and on an fcc ad-
atom by using the same tip
as in fig. S1 with B as indi-
cated (averages from six sin-
gle curves, fcc curves are
offset for clarity). The time-
averaged magnetization of the
adatoms (IWA> is aligned with
B, resulting in a change in
the d//dV curve depending on
the relative orientation of (My)
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o spin-pol. d//dV o

Fig. 1. Overview of the sample of individual Co adatoms on the Pt(111) surface (blue) and Co ML stripes
(red and yellow) attached to the step edges (STM topograph colorized with the simultaneously recorded
spin-polarized d//dV map measured with an STM tip magnetized antiparallel to the surface normal). An
external B can be applied perpendicular to the sample surface in order to change the magnetization of
adatoms My, ML stripes My, or tip M. The ML appears red when My, is parallel to M and yellow when
My, is antiparallel to . (Tunneling parameters are as follows: / = 0.8 nA, V = 0.3 V, modulation voltage
Vined =20 mV, T=0.3 K.)



Fig. 4. Magnetic exchange between adatoms and ML stripe.
(A to €) Magnetization curves measured on the ML (straight
lines) and on the three adatoms (dots) A, B, and C visible in the
inset topograph of (D). The blue color indicates the down sweep
from B=+1Tto —1T (and red, the up sweep from -1 Tto +1T)
(di/dV signal on ML inverted for clarity). The vertical arrows
indicate the exchange bias field, B, which is converted into
the exchange energy (using m = 3.7ug) for the corresponding
magenta points in the plot (D). (Tunneling parameters are as
follows: / = 0.8 nA, V =0.3 V, Viyog =20 mV, T= 0.3 K.) (D)
Dots show measured exchange energy as a function of distance
from ML as indicated by the arrow in the inset (about 50° to
[112]). The black line is the dipolar interaction calculated
from the stray field of a 10-nm-wide stripe with saturation
magnetization 1.3 x 10° A/m. The red, blue, and green lines
are fits to 1D, 2D, and 3D range functions for indirect ex-
change. Horizontal error bars are due to the roughness of the
Co-ML-stripe edge, whereas the vertical ones are due to the
uncertainty in B.,.
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Velocity (mm/s) FIG. 2. Plots of the experimental and theoretical layer-by-layer
hyperfine parameters. (a) Experimental H;, values and exper-
FIG. 1. (a) Experimental setup. e, electric field vector of the imental Hj, vs theoretical |H | values. (b) Experimental &, 2e,
incident beam; H.,, external magnetic field (300 Oe); detector, and AH,, values. (c) Theoretical Mre, |Hete|, Heorer Heonas and

Nal(TI) scintillation detector. (b) Mdssbauer spectra of the Nth
probe layer samples measured at 300 K. Black solid lines
represent the fitted curves. Red, blue, and green lines represent
three different magnetic components. M (i) represents the mag-
netic component assigned to the iron-57 atoms located in the ith
layer below the surface.

H ;¢ values. (d) Theoretical 6 and 2¢ values. Circles and symbols
denote data points. Solid and dashed lines connect data points.
In (a) and (b), some uncertainties are less than the size of the
data points.
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