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RKKY interact ion: Interaction between localized 
magnetic moments mediated by the surrounding 
conduction electrons.

0

J(D) = E�� � E�⇥

RKKY Coupling:

D

D

Ingredients:
- Localized magnetic moments 
- Surrounding conduction electrons

RKKY in carbon-

based materials ?
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Two localized magnetic moments a distance D apart :

metallic nanotube

Long ranged interaction in nanotubes

J(D) � cos(2kF D)
D�

where � = 1or 5

Obs: Magnetic atoms  represent 

general magnetic objects

Monday 23 April 12



- M. A. H. Vozmediano et al, Phys. Rev. B 72, 155121 (2005)
- V. K. Dugaev et al, Phys. Rev. B 74, 224438 (2006)
- S. Saremi, Phys. Rev. B 76, 184430 (2007)
- L. Brey et al, PRL 99 116802 (2007)
- E. Hwang et al, Phys. Rev. Lett. 101, 156802 (2008) 
- J. E. Bunder et al, Phys. Rev. B 80, 153414 (2009)
- P. Venezuela et al, Phys. Rev. B 80, 241413(R) (2009)
- A. M. Black-Schaffer, Phys. Rev. B 81, 205416 (2010)
- M. Sherafati et al, Phys. Rev. B 83, 165425 (2011)
- S. R. Power et al, Phys. Rev. B 83, 155432 (2011)
- B. Uchoa et al, Phys. Rev. Lett. 106, 016801 (2011)
- H. Lee et al, Phys. Rev. B 85, 075420 (2012)

Two localized magnetic moments a distance D apart :

Graphene

Not as long ranged an interaction 
Can we observe 

RKKY in graphene?

J(D) � cos(2kF D)
D�

where � = 2, 3 or 7
doped

substitutional or top-adsorbed

centre-adsorbed
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What if the moments are set in motion?

Static spin susceptibility �(D) � 1/D�

Dynamic spin susceptibility �(⇥, D) � 1/D�

� = 2, 3 or 7(                          )

(� =?)
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THEORY - DYNAMIC SPIN SUSCEPTIBILITY

• We consider a small time-dependent transverse magnetic field that drives the 
precession with a frequency 

• We use linear response theory to calculate the spin disturbance generated by 
the precession of the magnetization

• The unperturbed system is described by 

h�(t) = h0[cos(�t)x̂� sin(�t)ŷ]
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THEORY

• Within the Random Phase Approximation (RPA)

where

�(⇥) = [1 + �0(⇥) U ]�1 �0(⇥)

⇥0
⇥,j(⇤) =

i�
2�

� +⌃

�⌃
dE⇧f(E⇧)

⌅⇥
G⇤

j,⇥(E
⇧)�G⇤⇥

⇥,j(E
⇧)

⇤
G⌅

⇥,j(E
⇧ + �⇤) +

⇥
G⌅

⇥,j(E
⇧)�G⌅⇥

j,⇥(E
⇧)

⇤
G⇤⇥

⇥,j(E
⇧ + �⇤)

⇧
.

Single-particle Green functions:  PRB 83, 155432 (2011)

Fermi function

= I1 + I2 + I3 + I4

As a function of D,          should 
initially decay with the same rate 
as in the static RKKY but should 
asymptotically change to 1/D
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Which magnetic objects?
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How come ?
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Explanation: Spin current 
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Spin current (with no charge current) is responsible for the 
dynamic coupling that arises between precessing moments
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Itinerant Nature of Atom-Magnetization Excitation by Tunneling Electrons
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We have performed single-atom magnetization curve (SAMC) measurements and inelastic scanning

tunneling spectroscopy (ISTS) on individual Fe atoms on a Cu(111) surface. The SAMCs show a broad

distribution of magnetic moments with 3:5 !B being the mean value. ISTS reveals a magnetization

excitation with a lifetime of 200 fsec which decreases by a factor of 2 upon application of a magnetic field

of 12 T. The experimental observations are quantitatively explained by the decay of the magnetization

excitation into Stoner modes of the itinerant electron system as shown by newly developed theoretical

modeling.

DOI: 10.1103/PhysRevLett.106.037205 PACS numbers: 75.70.Rf, 68.37.Ef, 75.78.!n

Magnetic atoms adsorbed on nonmagnetic substrates
have been a topic of active study, both to provide insight
into fundamental aspects of magnetism and as possible
elements for future information technology and spin-based
computation schemes. Depending on the type of substrate,
ranging from thin insulating layers [1–3] over semicon-
ductors [4], to metals [5–8], one expects increasing hybrid-
ization of the atom with the substrate states. The itinerant
nature of the substrate electrons plays an increasingly
pronounced role in the static and dynamic properties of
the magnetic atom as one progresses through this se-
quence. Spin-polarized scanning tunneling spectroscopy
(SPSTS) [6] and inelastic [1] scanning tunneling spectros-
copy (ISTS) or a combination of both [3,4] provide the
only current means to probe magnetic properties and spin
dynamics of isolated magnetic adsorbates on the atomic
scale.

For magnetic atoms weakly hybridized with a nonmag-
netic surface, a description of the atomic moment by a half-
integer spin governed by anisotropy terms in a spin
Hamiltonian (‘‘isolated spin model’’) is sufficient
[1–4,9]. Within this approximation, the role of the under-
lying host conduction electrons is neglected and the effect
of the substrate is encompassed in the magnetic anisotropy.
However, it has been known for decades that the magnetic
moments of 3d impurities in a nonmagnetic 3d, 4d or 5d
metal are influenced qualitatively by the itinerant conduc-
tion electrons of the host material. Accordingly, as theo-
retically predicted a long time ago, the magnetization
dynamics of such systems is damped by decay into
electron-hole pairs, namely, Stoner excitations of the itin-
erant electron gas [10]. One consequence of this decay is a
substantial g shift and energy-dependent linewidth of the
magnetization excitation if detected via a local method
such as STS [10,11]. Therefore the application of the
isolated spin model to magnetic atoms on metals, while
descriptive, inadequately describes these types of effects.

This view is reinforced by the large excitation linewidth
observed in previous ISTS which cannot be described by
an approach which treats the magnetic atom as an isolated
entity governed solely by magnetic anisotropy [7,12].
While the effects of Stoner excitations have been observed
experimentally by spin-polarized electron-energy-loss
spectroscopy of ferromagnetic surfaces [13,14], an experi-
mental verification of their importance for the magnetiza-
tion dynamics of individual impurities is thus far lacking.
In this Letter, we reveal the itinerant nature of individual

Fe atoms absorbed on a Cu(111) surface utilizing a combi-
nation of single-atom magnetization curve (SAMC) mea-
surements [6] as probed by SPSTS and tunneling-electron
driven excitations (ISTS). SAMCs reveal the magnetic
moment of individual Fe atoms which is " 3:5 !B.
Complementary to this technique, ISTS reveals an anisot-
ropy gap as well as a large linewidth of the magnetization
excitation which increases linearly with magnetic field. In
addition, we present the first theoretical studies which
incorporate spin-orbit coupling in the response of an iso-
lated local moment hybridized strongly with the host con-
duction electrons. The calculations provide a quantitative
account of the anisotropy gap, and the linear variation with
magnetic field of both linewidth and peak energy in the
magnetization excitation spectrum. This confirms that the
excitation lifetime is limited by decay into Stoner modes
with a density of states linearly increasing in energy as
predicted earlier [10,11].
All experiments were performed on a home-built UHV

STM with a base temperature of T ¼ 0:3 K capable of
applying a magnetic field B perpendicular to the surface
[15]. W tips were used for ISTS and Cr-coated W tips
were used for SAMC measurements [6,16]. The Cu(111)
surface was cleaned by repeated Arþ sputtering and an-
nealing cycles and Co islands were deposited at room
temperature with a nominal coverage of 0.5 ML [17].
Such islands have single out-of-plane magnetized domains
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and were utilized to confirm the out-of-plane sensitivity of
each Cr tip [18]. Subsequently, Fe was deposited onto the
cold surface at T < 6 K [19]. This results in a statistical
distribution of single Fe atoms with a nominal coverage of
a few thousandths of a monolayer [Fig. 1(a)]. The atoms
were observed to occupy only one adsorption site [20].
STM topographs were recorded in constant-current mode
at a stabilization current Istab with a bias voltage Vstab

applied to the sample. SAMCs are recorded as described
in Ref. [6] and in the supplementary material [21]. For
ISTS, dI=dVðVÞ is recorded in open feedback mode via a
lock-in technique with a small modulation voltages Vmod

added to the bias (f ¼ 4:1 kHz).
In order to determine the magnetic moment of the

individual Fe atoms, we measured the SAMCs of several
single atoms [Fig. 1(a)] using an out-of plane magnetized
tip [6]. dI=dV maps acquired at various B of the same area
reveal magnetic contrast on top of the Fe atoms [21]. From
such maps, the spatially-resolved magnetic asymmetry is
calculated by ½dI=dVðB"Þ % dI=dVðB#Þ&=½dI=dVðB"Þþ
dI=dVðB#Þ& as given in Ref. [22]. Figure 1(b) illustrates a
magnetic asymmetry map evaluated at opposite saturation
fields (B" ¼ %0:4 T, B# ¼ þ0:4 T). Each SAMC [e.g.,
Fig. 1(c)] is acquired by extracting dI=dV, for a given
atom, during a B sweep (each B value corresponds to
data extracted from one dI=dV map). Similar curves
have been measured for about 60 different atoms at differ-
ent locations with different spin-polarized microtips where
each atom probed had a minimum distance of 2 nm from
any other magnetic structure. All reveal paramagnetic
behavior with a saturation at Bsat ( 0:2 T.

Because of the hybridization of the atom with the sub-
strate, a quasiclassical continuum model [5,6] is appropri-
ate to describe the measured SAMCs. Fits utilizing various
models produce a similar distribution of moments as a
result of the rather significant out-of-plane anisotropy
[23]. This model properly reproduces the measured curve
if we assume an effective magnetic moment m ( 3:5 !B

with a magnetic anisotropy of ( 1 meV [Fig. 1(c)]. The
histogram of fitted m for all measured atoms is shown in
Fig. 1(d). The average value is in good agreement with the
density-functional theory (DFT) calculated total magnetic
moment which considers both the spin and orbital mo-
ments of the Fe and the neighboring Cu atoms [23,24].
However, there is a broad distribution of the effective m.
We speculate on two substrate-mediated effects: (i) There
is a spatially varying mean field due to the interatomic long
range RKKY interaction which mimics a different effec-
tive m for each atom [6,8]. (ii) The varying substrate
density of states resulting from surface-state electron scat-
tering might additionally change the value of m. While the
detailed distribution of m changes when we use different
minimum separation cutoffs, the maximum is always cen-
tered around 3:5 !B independent of this choice.
Complementary to SAMC measurements, ISTS can re-

veal information about the dynamical magnetic properties
of the Fe atoms. Figure 2(a) shows ISTS curves taken on an
isolated Fe atom (top) and on the Cu(111) substrate (bot-
tom) using the same tip atom as the magnetic field B is
varied. While the substrate spectra are relatively flat and
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FIG. 1 (color online). (a) Topograph of a distribution of Fe
atoms on Cu(111). The color bar spans 90 pm. (b) Spatially-
resolved magnetic asymmetry map between saturation field
values B ¼ )0:4 T [Istab ¼ 0:6 nA, Vstab ¼ %10 mV, Vmod ¼
5 mV (rms)]. Color bar from 0 a.u. to 0.025 a.u. (c) Dots: SAMC
extracted from the B-dependent dI=dV maps by averaging over
the signal from an individual atom. Solid line: fit to the data
using the continuum model. (d) Histogram of effective magnetic
moments extracted from the fit to the SAMCs of Fe atoms with
minimum distance 2 nm to other atoms or Co islands.
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FIG. 2 (color online). (a) ISTS at different B as indicated
[Istab ¼ 1 nA, Vstab ¼ %10 mV, Vmod ¼ 0:1 mV (rms)]. Top
spectra were taken on an Fe atom. Bottom spectra were taken
with the same tip on Cu (vertically shifted by %14 nS).
(b) Numerical differentiation of spectra taken on another Fe
atom using a different tip [Istab ¼ 2 nA, Vstab ¼ %10 mV,
Vmod ¼ 0:05 mV (rms)]. (c) Energy and (d) averaged FWHM
(high resolution data; error corresponds to the maximum and
minimum value) of the excitation as a function of B extracted
from Gaussian fits to spectra (b). The inset in (c) shows a
histogram of the measured g factors determined from the slope
of (c) divided by !B. The values are extracted from spectra
measured on 78 (c) and 16 (d) different atoms.

PRL 106, 037205 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

21 JANUARY 2011

037205-2

Experimental feasibility

Monday 23 April 12



T. MAASSEN et al. PHYSICAL REVIEW B 83, 115410 (2011)

The quantization can be represented by cutting planes in the
3D Brillouin zone (BZ) of graphite that cut through different
regions of the BZ due to the different symmetry groups for
FLG with even or odd number of layers.33 For an odd number
of layers, there is always a cutting plane through the H point,
which introduces a linear dispersion band similar to SLG.
For an even number of layers, such a cutting plane is not
present. The other cutting planes (if any) do not pass through
the borders of the graphite BZ and introduce BLG-like bands
with different effective masses.

To define the energy dispersion for graphite, we use a
simple tight-binding approach consisting of only the hopping
parameter for next neighbors, γ0 = 3.15 eV, and an interlayer
coupling of γ1 = 0.37 eV. The inclusion of other interlayer
and intralayer coupling parameters have a minor effect on our
results since they are smeared out by a broadening introduced
by temperature, impurities, and other disorder potentials.32 To
account for such effects, we include a Gaussian broadening in
the DOS in the same way as shown in Ref. 5. The resulting DOS
at ng = 0 increases linearly with the number of layers and is
presented in Fig. 2(d). In Fig. 2 the calculated values using only
the zone-folding scheme are presented along with the values
including an energy broadening of FWHM ≈ 60 meV. This
broadening also takes into account the effect of the electron
and hole pockets around EF present in graphite.34

IV. SPIN TRANSPORT

Now we examine the spin-transport properties of FLG.
Figure 5(a) shows a typical nonlocal spin-valve measurement3

on FLG. Sending a current I from electrode 5 to electrode 1
[see Fig. 1(a)] generates a spin accumulation at electrode 5.
The spins diffuse on both sides of the electrode along the flake
and generate a voltage drop Vnl between electrodes 6 and 9,
defining the nonlocal resistance Rnl = Vnl/I . Switching the
magnetization of one of the inner electrodes (5 or 6) using
an in-plane magnetic field results in a sign change of Rnl

[see Fig. 5(a)]. When the outer contacts (1 or 9) are located
within the spin-relaxation length, additional switches can be
observed.3 The spin-valve measurement in Fig. 5(a) is taken
on a 7-layer graphene sample with an inner contact distance
of L = 8 µm. Including the additional switch at small field
values, we see a spin signal over a distance of L = 10 µm. It
is worth noting that this is the longest distance for which a spin
signal has ever been reported for graphene-based devices.

For further analysis of the spin transport we perform
Hanle spin-precession measurements.24 They are performed
in the same geometry as the spin-valve measurements with
the magnetic field B pointing now perpendicular to the sample
plane, causing the injected, in-plane oriented spins to precess.
The spin dynamics are described by the Bloch equation for the
spin accumulation µS :24

DS∇2µS − µS

τS

+ ω0 × µS = 0. (2)

The first term on the left-hand side describes the spin diffusion
represented by the spin-diffusion coefficient DS , and the sec-
ond term describes the spin relaxation with the spin-relaxation
time τS . The third term describes the precession with the
Larmor frequency ω0 = gµB/h̄ B, where g = 2 is the effective
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FIG. 5. (Color online) (a) Nonlocal spin-valve signal of a 7-layer
graphene sample. The sweep directions of the magnetic field are
indicated (red and black arrows). The distance between the inner
electrodes is L = 8 µm. (b) Hanle precession measurements of a
5-layer graphene sample at the gate voltage resulting in the minimum
conductivity Vg = V0 for L = 2.8 µm (black, largest amplitude) and
L = 5.4 µm (blue, smallest amplitude) and in the hole-doped state
at Vg = V0 − 60 V for L = 5.4 µm (red, intermediate amplitude).
The precession is measured for the parallel (P) and antiparallel (AP)
configuration of the inner contacts. The curve for L = 2.8 µm shows
a switch from the P to the AP state at −140 mT. This is due to the fact
that at relatively high fields the nonavoidable in-plane component of
the perpendicular field switches the magnetization of one of the inner
electrodes.

Landé factor and µB is the Bohr magneton. In Fig. 5(b)
three Hanle measurements on a 5-layer graphene sample are
presented. Each curve consists of the nonlocal signal acquired
for the parallel (P) and antiparallel (AP) orientation of the
inner contacts. The black and the blue dots represent the
measurements for L = 2.8 µm and L = 5.4 µm, respectively,
at the gate voltage V0. The red curve is measured on the
longer distance at Vg = V0 − 60 V, where electron charges
are induced by the gate. The amplitude for the measurement
with increased L is smaller due to additional spin relaxation, as
the spins have to travel a longer distance resulting in a longer
time interval for spin relaxation. In addition to the change in
the amplitude, a shift in the B-field values for the crossing
points of the parallel and the antiparallel precession curve is
visible for the two curves measured at Vg = V0. The crossing
points represent the B-field value where the spins have, on
average, precessed for 90◦, resulting in both configurations in
a signal of Rnl ≈ 0. An increased distance L, corresponding
to an increased travel time for the spins, therefore decreases
the B field which results in 90◦ precession.4,24

The measurements show that the spin signal can be
enhanced by inducing more charge carriers (see enhanced
spin signal comparing the measurement at Vg = V0 − 60 V
and Vg = V0). This was also observed for SLG.5

The Hanle curves can be fitted with the solutions of the
Bloch equation (2), yielding the spin-transport quantities DS

115410-4
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TAKE-HOME MESSAGE

•The RKKY interaction in graphene becomes far more long 
ranged when the magnetic moments are set in motion

•This interaction can be probed with currently available 
experimental methods.
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