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Evolution of damping in ferromagnetic/nonmagnetic thin film bilayers as a function
of nonmagnetic layer thickness
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The evolution of damping in Co/Pt, Co/Au, and Ni81Fe19/Pt bilayers was studied with increasing nonmagnetic
(NM) heavy-metal layer thicknesses in the range 0.2 nm � tNM � 10 nm, where tNM is the NM layer thickness.
Magnetization precession was measured in the time domain using time-resolved magneto-optical Kerr effect
magnetometry. Fitting of the data with a damped sinusoidal function was undertaken in order to extract the
phenomenological Gilbert damping coefficient α. For Pt-capped Co and Ni81Fe19 layers a large and complex
dependence of α on the Pt layer thickness was observed, while for Au capping no significant dependence was
observed. It is suggested that this difference is related to the different localized spin-orbit interaction related to
intermixing and to d-d hybridization of Pt and Au at the interface with Co or Ni81Fe19. Also it was shown that
damping is affected by the crystal structure differences in FM thin films and at the interface, which can modify the
spin-diffusion length and the effective spin-mixing conductance. In addition to the intrinsic damping an extrinsic
contribution plays an important role in the enhancement of damping when the Pt capping layer is discontinuous.
The dependence of damping on the nonmagnetic layer thickness is complex but shows qualitative agreement
with recent theoretical predictions.
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I. INTRODUCTION

Precessional magnetization dynamics are fundamental to
magnetic field and current-driven magnetization processes and
underpin switching behavior in applications such as magnetic
data storage, where data writing depends on the magnetic
damping. Precessional damping plays an important role in
a number of emerging technologies, including magnonics and
spin transfer torque magnetoresistive random access mem-
ory (STT-MRAM) devices. Understanding and controlling
damping in thin film systems therefore continues to drive
research in this field. It has been demonstrated that damping
can be enhanced in both bulk ferromagnetic (FM) [1–4] and
multilayered systems [5–8] and many studies have addressed
the fundamental origin of damping both experimentally and
theoretically [1,3,9–15]. Both Co and Ni81Fe19 have attracted
a lot of attention due to their common application in magnetic
devices. More recently, the influence of heavy-metal (NM)
overlayers on the damping in adjacent ferromagnetic (FM)
layers has attracted a lot of research interest. In such bilayer
systems there are several mechanisms that may lead to the
enhancement of damping. Spin-orbit coupling (SOC) and
interfacial d-d hybridization enhance the intrinsic damping,
while extrinsic enhancement of the damping can arise from
two-magnon scattering processes, linked to roughness and
defects at the interface region [1–3,11–21]. The total pre-
cessional damping is a sum of the intrinsic and extrinsic
contributions.

In the case of bilayer and multilayer thin films, the strong
SOC of the heavy metal layer leads to enhanced damping
because of enhanced coupling of the electron spin with the
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lattice at the interface. This will facilitate the propagation and
dissipation of transverse spin current generated by precession
in the ferromagnetic layer. NM layers can therefore act as an
absorber or sink for spin current pumped across the interface
[3,14]. The spin-current pumped into the adjacent NM layer
may either dissipate in the NM layer or diffuse back into
the FM layer. This depends on the spin diffusion length (λsd)
and the effective spin-mixing conductance (geff

↑↓) across the
interface [8]. The d-d electron hybridization of the FM/NM
layer occurs at the interface and is therefore influenced by
topological roughness and intermixing. These factors may
also increase the local density of states at the Fermi energy or
decrease the bandwidth in the interface region [3,11,13,17,21].
The specific electronic behavior depends on the materials
involved and the damping has been studied in variety of
systems, including Au, MgO, Cu, and Ta NM overlayers on
FM layers of Co, CoFeB, and Ni80Fe20 [3,8,16,22].

Moving on to extrinsic damping contributions, two-magnon
scattering refers to the scattering of uniform magnetization
precession into pairs of magnons with nonzero wave vectors
[3,16,22]. This can occur when the symmetry of the system
is disturbed by structural defects like film roughness and
intermixing [1,3,21] and will enhance the effective damping
of the magnetization precession. Increased intermixing will
also enhance the effective spin-mixing conductance [8,21,22],
and modifying the interface will affect all of the mechanisms
mentioned above [4,23]. It is therefore of great interest to study
the evolution of precessional magnetic damping in FM/NM
bilayers as the interface develops as a function of the NM
thickness.

A recent theoretical study of FM/NM bilayers by Barati
et al. [3] reported the dependence of damping with increasing
thickness of the nonmagnetic layer, assuming an ideal flat
interface. This predicted that for NM layers the damping
depends on the specific material and the layer thickness.
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In particular, for the case of Co/Pt bilayers the magnetic
damping was found to increase by more than two times with the
addition of a few monolayers of Pt. This theoretical analysis
motivates the experimental study of precessional damping
as a function of NM capping layer thickness in this work.
The experimental study requires well-controlled thin film
deposition and also structural analysis in order to establish
precise layer thicknesses, interface width, and FM crystal
structure.

II. FORMALISM FOR ANALYSIS OF DAMPING

The measured effective magnetic damping αeff can be writ-
ten as the sum of the bulk, intrinsic and extrinsic contributions,

αeff = αint
0 + αext, (1)

where αint
0 and αext are the total intrinsic and extrinsic damping

coefficients of the system, respectively. Furthermore, αint
0 can

be expressed such that

αeff = G0

γMs
+ αs/tFM + αext, (2)

where G0 is the bulk Gilbert damping parameter, γ is the
gyromagnetic ratio, Ms is the saturation magnetization, tFM

is the ferromagnetic layer thickness, and αs is the interface
contribution to the effective damping [3,12,24].

The thickness dependence of the damping enhancement
may be explained by a mixture of spin-pumping, d − d

hybridization, and two-magnon scattering effects. In this study
αeff was measured as a function of the NM layer thickness.

III. EXPERIMENTAL DETAILS

The common and widely utilized ferromagnetic materials
Co and Ni81Fe19 were studied with NM capping layers of Pt
and Au. Bilayer thin films were deposited by UHV magnetron
sputtering from a base pressure ∼10−8 torr on to thermally
oxidized silicon substrate with a 100-nm SiO2 layer. The
complete structure was Si/SiO2/FM/NM and the FM layer
was deposited directly on the SiO2. The selected Co layer
thicknesses were either 4 or 10 nm and for the Ni81Fe19

films the thickness was 7 nm. The thicknesses were chosen
to maximize the interaction between the films and the incident
optical probe. The thinnest capping layers may permit partial
oxidation of the FM surface, but adding a further capping
layer would make the physical system more complex, which
could confuse the results. The study aimed to examine the
subnanometer thickness effect of specific NM materials on the
damping. Capping layer thicknesses were varied from 0.2 to
10 nm. Dynamic magnetization behavior was studied ex situ
using time-resolved magneto-optical Kerr effect (TRMOKE)
magnetometry using an all-optical pump-probe technique.
More details about the TRMOKE system can be found
elsewhere [25–27]. Structural analysis was carried out using
a Bede-D1 diffractometer with a CuKα source for grazing
incidence x-ray reflectivity (XRR) to study layer thicknesses
and interfacial structure and for x-ray diffraction (XRD) to
analyze crystal structure; more information can be found
elsewhere [28,29]. True specular XRR data were obtained

FIG. 1. (a) Examples of x-ray reflectivity data and the best-fitting
simulations for Co (10 nm)/Pt (tPt). (b) Background subtracted
time-resolved magneto-optic Kerr rotation data for Co/Pt with two
different Pt layer thicknesses and the best-fitting damped sinusoids.

by subtraction of the measured forward diffuse scatter and
was modeled with simulations generated using the GenX code,
which uses a differential evolution algorithm with the Parrat
recursive mechanism to simulate the XRR data [30]. XRD
results were analyzed to determine the out-of-plane lattice
parameter.

IV. RESULTS

Figure 1(a) shows examples of the XRR data obtained
from selected samples and the corresponding best-fitting
simulations. From the numerical analysis structural parameters
were derived, including the layer thicknesses and interface
roughness. Table I shows the thickness and roughness of
selected FM/NM bilayers. These data were selected because
they indicate the width of the FM/NM interfacial region
when the NM metal forms a complete layer over the FM
layer. The interface width includes topological roughness and
intermixing. The interface width is important as it provides

TABLE I. Structural properties for selected Co/Au, Co/Pt, and
NiFe/Pt bilayers samples extracted from XRR measurements: FM
layer thickness, tFM; NM layer thickness, tNM; and interface width at
FM/NM interface.

Interface
Sample structure tFM (nm) tNM (nm) width (nm)

Co (10 nm)/Au (4 nm) 9.44 ± 0.05 3.5 ± 0.04 0.61 ± 0.11
Co (10 nm)/Pt (2 nm) 9.56 ± 0.09 2.8 ± 0.05 0.66 ± 0.07
Ni81Fe19 (7 nm)/Pt (1 nm) 7.24 ± 0.11 0.94 ± 0.08 0.92 ± 0.05
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an indication of the thickness at which the NM capping layer
changes from islandlike coverage to continuous coverage of
the FM layer. The structural analysis shows that both Pt and
Au form a continuous layer on Co at a thickness greater than
∼0.7 nm, while for Ni81Fe19 the NM capping layer becomes
continuous at a thicknesses above ∼0.9 nm. This difference
in roughness between the two FM materials may stem from
the crystal structure, which XRD shows is fcc for the Ni81Fe19

and hcp for the Co [3,15,22]. The Au and the Pt are both fcc.
For Au and Pt capping of Co, the interfacial roughness is very
similar; however, details of the local atomic arrangement are
likely to differ, Co and Pt are miscible while Co and Au are
immiscible [31]. The growth of Au or Pt capping layers onto
a FM thin film layer begins with the formation of localized
islands of the NM material; these expand and develop into a
continuous capping layer as the NM thickness increases.

Figure 1(b) shows typical TRMOKE data for selected
samples following removal of the ultrafast demagnetization
and subtraction of a background signal by fitting with a
biexponential function. The background signal represents the
initial recovery of magnetization following an optically in-
duced demagnetization and is characterized by two relaxation
times of the order of 1 and 20 ps. The shorter time scale is
related to electronic thermal bath dissipation to the lattice.
The longer time scale is associated with dissipation of energy
between the lattice and surroundings, which decreases with
the addition of the capping layer. Returning to the figure, the
TRMOKE data illustrate the magnetic precession, which show
that FM-NM bilayers with certain NM capping thickness are
damped faster. The figure also shows the best-fitting curves,
which indicate a single-mode damped precession behavior
representing the Landau-Lifshitz-Gilbert relation from which
the damping coefficient was obtained.

Figures 2(a) and 2(c) show the variation of αeff with Pt and
Au layer thickness. It shows that αeff increases significantly
for both Co/Pt and Ni81Fe19/Pt layers as the Pt capping layer
thickness increases and peaks around 0.7–0.8 nm for Co/Pt
and 0.6 nm for Ni81Fe19/Pt. However, in the case of Co/Au,
αeff is nearly constant across the entire Au thickness range.
Also, it should be noted that the bulk damping coefficient for
hcp Co is 0.011; however, here the uncapped or the partially
capped Co and Ni81Fe19 are likely to be partially oxidized and
this may enhance αeff from the bulk value. The interfacial width
shown inTable I for Ni81Fe19/Pt may explain the increase in
αeff up to a capping layer thickness of 0.6 nm, but the available
damping data is limited to thicknesses up to 1 nm.

The thickness dependence of the capping layer on αeff for
Co/Pt and Ni81Fe19/Pt may be divided into three different
regions. With initial increasing Pt thickness the damping first
increases rapidly (region I) and then peaks (region II) before
falling back to a lower constant level (region III). These
different regions are discussed in more detail later. Figure
2(b) shows the precessional frequency, f , and the saturation
magnetization, MS, as a function of NM layer thickness for
the Co/Pt bilayer. A noticeable similarity of the Pt thickness
dependence between MS and f is observed. In particular, both
MS and f increase rapidly with Pt thickness between 0.6 and
0.8 nm.

In order to understand the damping mechanisms further
a series of TRMOKE measurements were undertaken at

FIG. 2. [(a) and (c)] αeff as a function of tNM for Co/Pt and
Ni81Fe19/Pt, respectively. (b) Frequency and saturation magnetization
as a function of tNM and ∼1.4 kOe of magnetic field strength; it shows
a similar trend in their variations. The shaded bar indicate the Pt
thickness where the Pt became continuous.

different bias fields in order to look for a dependence on the
precessional frequency, which can inform on the nature of the
damping. Figure 3 shows examples of plots of αeff as a function

FIG. 3. Damping coefficient αeff as a function of precessional
frequency for 10-nm Co films capped with 0.6-nm and 2-nm Pt. The
extrinsic damping decreases with the increasing Pt thickness until it
reaches to negligible extrinsic effect at tNM = 2 nm.
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of f for a discontinuous (0.6 nm) and continuous (2 nm) Pt
capping layer on Co. In the case of the discontinuous Pt layer
the damping falls linearly with the increase in precessional
frequency, while the damping remains almost constant with
frequency for the continuous Pt-capped Co bilayer. For a
continuous Pt capping layer on Ni81Fe19 the damping is also
constant as a function of precessional frequency.

V. DISCUSSION

The complex dependence of αeff with NM layer thickness
described in Figs. 2(a) and 2(c) with three characteristic
regions can be understood by considering several intrinsic and
extrinsic effects occurring at the interface of the FM and NM
layers. It is known that d-d hybridization, spin-pumping, and
two-magnon scattering are the effective factors for damping
enhancement in FM/NM thin films [3,4,11,13,17,21,23]. The
experimental results are in agreement with a recent theoretical
study [3] where damping increases with increasing Pt capping
layer thickness up to a broad peak followed by a decrease
to constant value with further increases in thickness. In the
experimental work the Co structure is hcp, but fcc in the
theoretical; however, a key point is that Pt and Au have fcc
structure, which allows direct comparison [32].

The possible intrinsic contributions to enhancement of the
damping in region I can be attributed to d-d hybridization
and spin-pumping in the case of the Pt capping layer.
Hybridization causes changes in the electronic structure in the
interface, whereas spin-pumping allows absorption of angular
momentum from the precessing magnetization, giving rise
to an enhancement of damping. Both effects are intrinsic in
nature.

However, the effect of spin pumping should be very limited
over the studied thickness range of Pt, as it is comparable or
below the spin-diffusion length, λsd [12,33–36]. Hence, d-d
hybridization mainly contributes to the intrinsic enhancement
of the damping. The availability of 5d electrons in the NM layer
and the opportunity for hybridization with the 3d electrons in
the FM at the interface is a key mechanism which enhances
the damping. This agrees with previous studies of FM-NM
interfaces including the recent theoretical work of Barati
et al. [1–3,11–21]. Extrinsic contributions to the damping can
be attributed to two-magnon scattering, which is related to
local variations linked to topological roughness, defects, and
impurities at the interface. For discontinuous Pt it is suggested
that variations in local electronic properties of the Pt capped
and uncapped regions leads to local variation of intrinsic
damping, which gives rise to extrinsic damping via two-
magnon scattering. The precessional frequency dependence
of the damping data (see Fig. 3) shows a linear increase in
damping with the decreasing frequency for the discontinuous
Pt layer, which clearly indicates that extrinsic effects are
present in the system when the capping layer is discontinuous.

Following the initial rapid increase in region I, the damping
reaches a broad peak in region II. From the structural analysis
it is observed that the second region falls into the thickness
range where a continuous Pt capping layer is just forming.
Beyond this thickness a complete Pt layer is established.

In region III damping falls from its maximum and slowly
stabilizes to an intermediate value with increasing Pt thickness.

The independence of the damping on applied field indicates
the mechanism here is predominantly intrinsic when the Pt
is continuous. The decrease in the damping from the peak
primarily represents a reduction in the extrinsic contribution
that largely vanishes for higher thicknesses of Pt. Further
details of this mechanism in terms of the local arrangement
of atoms at the interface are discussed later. It is interesting to
observe that the final value of αeff is larger than the uncapped
(tNM = 0) value for both Co and Ni81Fe19. The reason for
this is that although at higher thicknesses of Pt the extrinsic
contribution is negligible, intrinsic effects from the interface
are the dominant contribution to the damping. Theoretical
analysis [3] shows some reduction in the intrinsic damping
from the peak, along with periodic oscillations due to the
formation of quantum well states. Oscillations are not observed
in the experiment as the tNM range is too small, but also any
oscillations would be lost due to interfacial roughness.

Regarding the mechanism for extrinsic damping, it is
suggested that two-magnon scattering is a result of local
variation of d-d hybridization of the Co and Pt when the
capping layer is discontinuous, leading to localized variations
of the intrinsic damping. The miscibility of the NM material
changes the local structure. In the case of Pt this can produce
Co-Pt clusters or islands at the surface [22], while for Au
this leads to the formation of Au islands on Co in the
low-thickness regime [31]. For thin Pt, where the capping
layer is incomplete, the formation of clusters or islands at the
surface acts to break the translational symmetry leading to
regions with higher and lower intrinsic damping due to the
distribution of Co-Pt. This is also supported by a study which
showed that SOC for Pt is stronger when it is 2D rather than
3D, which increases the local damping of the Co-Pt islands
[37]. This inhomogeneous magnetic surface can, therefore,
give rise to an extrinsic contribution to the enhancement of
the damping. When the Pt capping layer completely covers
the Co the interface region is more uniform and the extrinsic
contribution vanishes [2,3,12,18].

It is worth noting that the experimental data [Fig. 2(b)] for
the precessional frequency and the saturation magnetization,
MS, of the Co/Pt system shows an increase in the net magnetic
moment as the Pt capping increases. This may be attributed to
a proximity induced magnetization (PIM) in Pt [12]. The role
of PIM in damping remains a matter of debate [19]. Also, it can
be seen that MS for the uncapped Co is lower than expected for
bulk Co, which may be related to oxidation of the uncapped
Co surface. This is supported by the significant increase in MS

when tPt reaches 0.6 nm where the Pt cap would restrict the
oxidation of the Co surface. However, PIM cannot explain the
large addition MS when tPt reaches to 2 nm except the case
when Co/Pt thin film have hcp crystal structure, which agrees
with XRD in of this study and also with the recent published
research [15].

Comparing the Pt and the Au layers, greater miscibility of Pt
is an additional factor affecting the damping and is supported
by the XRR structural analysis [31]. As a result, two-magnon
scattering is also lower in case of Co/Au. Furthermore, Au has
a lower density of electrons in d band states at the Fermi level
compared to Pt [38], which therefore contributes very weakly
to the intrinsic damping. For Ni81Fe19/Pt the capping layer
thickness dependence of the damping shows similar behavior
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FIG. 4. Schematic illustration of the growth of discontinuous to
continuous NM capping layer. (a) Experimental damping data for
Co/Pt and Co/Au as a function of tNM. The circular point is a literature
value for pure cobalt. (b) Theoretical variation in damping data for
Co/Pt and Co/Au adapted from Ref. [3] as a function of tNM.

to Co/Pt. However, it can be seen from Figs. 2(a) and 2(c)
that αeff for Ni81Fe19/Pt is higher at lower Pt thickness. This
may be related to a slightly larger topological roughness and
different FM crystal structure, as shown by the structural
analysis. The larger enhancement of the damping for the
Ni81Fe19, as compared to Co, may be explained by a higher
spin-mixing conductance across the interface for fcc rather
than hcp FM interfacial structure [15,39]. This is supported
by the experimental XRD results showing hcp Co and fcc
Ni81Fe19 in the FM/NM bilayers.

Bringing together the structural analysis and the discussion
of the damping mechanisms the interpretation of the NM
capping layer thickness dependence of the ferromagnetic
damping is summarized in Fig. 4, where the structural changes
associated with the thickness dependence of the damping are
illustrated for regions, I, II, and III.

Figure 4 also shows a comparison between the experimental
damping data and the theoretical analysis of Co/Pt and Co/Au
by Barati et al. [3]. The general trends of rapidly increasing
damping to a peak followed by a small reduction and then
leveling out of the damping with increasing film thickness are
broadly similar between the theory and experiment results.
Figure 4(b) shows some reduction in the intrinsic damping
from the peak. In Fig. 4(a) oscillations are not observed as the
tNM range is too small, but overall there is good agreement
between the Barati et al. study and this work.

Finally, the spin-mixing conductance has been estimated for
both Co/Pt and Ni81Fe19/Pt from the damping data obtained
for samples with the thickest Pt layer, where the Pt has formed
a complete capping layer and measurements indicate that
the mechanism for the enhanced damping is intrinsic. The
spin-mixing conductance is related to the change in damping
according to:

�α = αeff − α0 = gμB

4πMeff tFM
geff

↑↓, (3)

where g is the Landé g factor, μB is the Bohr magneton, Meff is
the effective saturation magnetization, and geff

↑↓ is the effective
spin-mixing conductance.

Taking literature values for the damping in bulk hcp Co
as 0.011 [21] and fcc Ni81Fe19 as 0.010 [30] and satura-
tion magnetization as obtained experimentally, the effective
spin-mixing conductance was estimated from the observed
saturation enhancement to the damping. For Co/Pt a value
of 38 nm−2 was obtained for the spin-mixing conductance,
which is comparable with the value recently observed experi-
mentally [19]. In the case of Ni81Fe19/Pt a value of 125 nm−2

was obtained. This is notably higher than the value obtained
for Co/Pt and it is suggested that this may be related to the
different crystallographic structures at the interface with the
Pt. This is supported by recent work on Co/Ir where the Co
structure at the interface was either hcp or fcc [15].

VI. CONCLUSIONS

In conclusion, precessional magnetization damping has
been studied in different FM/NM bilayer thin films with a
gradually increasing capping layer thickness starting from the
sub-monolayer regime. For Pt capping of Co and Ni81Fe19 the
Pt thickness-dependent damping shows an increase followed
by a peak and a modest fall to constant value that is higher than
the bulk values for Co and Ni81Fe19. Structural analysis using
x-ray reflectivity and x-ray diffraction were used to charac-
terize the interface and the crystallographic structure and aid
the interpretation. Both intrinsic and extrinsic mechanisms
are invoked to explain the observed magnetic precessional
damping behavior. Extrinsic effect occurs when the Pt capping
layer is incomplete as it leads to variation in d-d hybridization
leading to inhomogeneities in damping which can act to create
two-magnon scattering. This extrinsic damping is lost when the
Pt layer became continuous over the FM. Finally the effective
spin-mixing conductance was estimated for Ni81Fe19/Pt and
Co/Pt. The analysis indicates that the effective spin-mixing
conductance is higher in Ni81Fe19/Pt than Co/Pt and it is
suggested that this may be linked to the crystal structure type
and the interface properties. The results provide further insight
into the mechanism of damping variation in FM/NM bilayer
when the interfacial region is gradually formed.
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[35] A. Ruiz-Calaforra, T. Brächer, V. Lauer, P. Pirro, B. Heinz, M.

Geilen, A. Chumak, A. Conca, B. Leven, and B. Hillebrands,
J. Appl. Phys. 117, 163901 (2015).

[36] R. M. Rowan-Robinson, A. T. Hindmarch, and D. Atkinson,
(unpublished).

[37] M. N. Huda, M. K. Niranjan, B. R. Sahu, and L. Kleinman,
Phys. Rev. A 73, 053201 (2006).

[38] C. Fadley and D. Shirley, J. Res. Natl. Bur. Stand. A 74A, 543
(1970).

[39] J. Huang, T. Wang, C. Yu, Y. Hu, P. Lee, and M. Yang, J. Cryst.
Growth 171, 442 (1997).

054402-6

http://dx.doi.org/10.1103/PhysRevB.73.144424
http://dx.doi.org/10.1103/PhysRevB.73.144424
http://dx.doi.org/10.1103/PhysRevB.73.144424
http://dx.doi.org/10.1103/PhysRevB.73.144424
http://dx.doi.org/10.1063/1.2436471
http://dx.doi.org/10.1063/1.2436471
http://dx.doi.org/10.1063/1.2436471
http://dx.doi.org/10.1063/1.2436471
http://dx.doi.org/10.1103/PhysRevB.90.014420
http://dx.doi.org/10.1103/PhysRevB.90.014420
http://dx.doi.org/10.1103/PhysRevB.90.014420
http://dx.doi.org/10.1103/PhysRevB.90.014420
http://dx.doi.org/10.1051/epjconf/20134018003
http://dx.doi.org/10.1051/epjconf/20134018003
http://dx.doi.org/10.1051/epjconf/20134018003
http://dx.doi.org/10.1051/epjconf/20134018003
http://dx.doi.org/10.1038/srep17596
http://dx.doi.org/10.1038/srep17596
http://dx.doi.org/10.1038/srep17596
http://dx.doi.org/10.1038/srep17596
http://dx.doi.org/10.1103/PhysRevLett.88.117601
http://dx.doi.org/10.1103/PhysRevLett.88.117601
http://dx.doi.org/10.1103/PhysRevLett.88.117601
http://dx.doi.org/10.1103/PhysRevLett.88.117601
http://dx.doi.org/10.1103/PhysRevLett.114.126602
http://dx.doi.org/10.1103/PhysRevLett.114.126602
http://dx.doi.org/10.1103/PhysRevLett.114.126602
http://dx.doi.org/10.1103/PhysRevLett.114.126602
http://dx.doi.org/10.1103/PhysRevLett.95.037401
http://dx.doi.org/10.1103/PhysRevLett.95.037401
http://dx.doi.org/10.1103/PhysRevLett.95.037401
http://dx.doi.org/10.1103/PhysRevLett.95.037401
http://dx.doi.org/10.1103/PhysRevLett.113.207202
http://dx.doi.org/10.1103/PhysRevLett.113.207202
http://dx.doi.org/10.1103/PhysRevLett.113.207202
http://dx.doi.org/10.1103/PhysRevLett.113.207202
http://dx.doi.org/10.1038/nphys1092
http://dx.doi.org/10.1038/nphys1092
http://dx.doi.org/10.1038/nphys1092
http://dx.doi.org/10.1038/nphys1092
http://dx.doi.org/10.1038/nphys1315
http://dx.doi.org/10.1038/nphys1315
http://dx.doi.org/10.1038/nphys1315
http://dx.doi.org/10.1038/nphys1315
http://dx.doi.org/10.1103/PhysRevB.54.1092
http://dx.doi.org/10.1103/PhysRevB.54.1092
http://dx.doi.org/10.1103/PhysRevB.54.1092
http://dx.doi.org/10.1103/PhysRevB.54.1092
http://dx.doi.org/10.1103/PhysRevLett.111.106601
http://dx.doi.org/10.1103/PhysRevLett.111.106601
http://dx.doi.org/10.1103/PhysRevLett.111.106601
http://dx.doi.org/10.1103/PhysRevLett.111.106601
http://dx.doi.org/10.1103/PhysRevLett.81.5229
http://dx.doi.org/10.1103/PhysRevLett.81.5229
http://dx.doi.org/10.1103/PhysRevLett.81.5229
http://dx.doi.org/10.1103/PhysRevLett.81.5229
http://dx.doi.org/10.1103/PhysRevLett.87.217204
http://dx.doi.org/10.1103/PhysRevLett.87.217204
http://dx.doi.org/10.1103/PhysRevLett.87.217204
http://dx.doi.org/10.1103/PhysRevLett.87.217204
http://dx.doi.org/10.1103/PhysRevLett.115.056601
http://dx.doi.org/10.1103/PhysRevLett.115.056601
http://dx.doi.org/10.1103/PhysRevLett.115.056601
http://dx.doi.org/10.1103/PhysRevLett.115.056601
http://dx.doi.org/10.1103/PhysRevB.89.174416
http://dx.doi.org/10.1103/PhysRevB.89.174416
http://dx.doi.org/10.1103/PhysRevB.89.174416
http://dx.doi.org/10.1103/PhysRevB.89.174416
http://dx.doi.org/10.1063/1.4883860
http://dx.doi.org/10.1063/1.4883860
http://dx.doi.org/10.1063/1.4883860
http://dx.doi.org/10.1063/1.4883860
http://dx.doi.org/10.1103/PhysRevLett.102.137601
http://dx.doi.org/10.1103/PhysRevLett.102.137601
http://dx.doi.org/10.1103/PhysRevLett.102.137601
http://dx.doi.org/10.1103/PhysRevLett.102.137601
http://dx.doi.org/10.1103/PhysRevLett.112.106602
http://dx.doi.org/10.1103/PhysRevLett.112.106602
http://dx.doi.org/10.1103/PhysRevLett.112.106602
http://dx.doi.org/10.1103/PhysRevLett.112.106602
http://dx.doi.org/10.1063/1.3396983
http://dx.doi.org/10.1063/1.3396983
http://dx.doi.org/10.1063/1.3396983
http://dx.doi.org/10.1063/1.3396983
http://dx.doi.org/10.1063/1.3559222
http://dx.doi.org/10.1063/1.3559222
http://dx.doi.org/10.1063/1.3559222
http://dx.doi.org/10.1063/1.3559222
http://dx.doi.org/10.1016/j.nimb.2007.01.264
http://dx.doi.org/10.1016/j.nimb.2007.01.264
http://dx.doi.org/10.1016/j.nimb.2007.01.264
http://dx.doi.org/10.1016/j.nimb.2007.01.264
http://dx.doi.org/10.1063/1.4883860
http://dx.doi.org/10.1063/1.4883860
http://dx.doi.org/10.1063/1.4883860
http://dx.doi.org/10.1063/1.4883860
http://dx.doi.org/10.1109/TMAG.2004.836740
http://dx.doi.org/10.1109/TMAG.2004.836740
http://dx.doi.org/10.1109/TMAG.2004.836740
http://dx.doi.org/10.1109/TMAG.2004.836740
http://dx.doi.org/10.1063/1.1729440
http://dx.doi.org/10.1063/1.1729440
http://dx.doi.org/10.1063/1.1729440
http://dx.doi.org/10.1063/1.1729440
http://dx.doi.org/10.1098/rsta.2010.0324
http://dx.doi.org/10.1098/rsta.2010.0324
http://dx.doi.org/10.1098/rsta.2010.0324
http://dx.doi.org/10.1098/rsta.2010.0324
http://dx.doi.org/10.1107/S0021889807045086
http://dx.doi.org/10.1107/S0021889807045086
http://dx.doi.org/10.1107/S0021889807045086
http://dx.doi.org/10.1107/S0021889807045086
http://dx.doi.org/10.1103/PhysRev.95.359
http://dx.doi.org/10.1103/PhysRev.95.359
http://dx.doi.org/10.1103/PhysRev.95.359
http://dx.doi.org/10.1103/PhysRev.95.359
http://dx.doi.org/10.1103/PhysRevB.66.104413
http://dx.doi.org/10.1103/PhysRevB.66.104413
http://dx.doi.org/10.1103/PhysRevB.66.104413
http://dx.doi.org/10.1103/PhysRevB.66.104413
http://dx.doi.org/10.1016/S0304-8853(01)00525-X
http://dx.doi.org/10.1016/S0304-8853(01)00525-X
http://dx.doi.org/10.1016/S0304-8853(01)00525-X
http://dx.doi.org/10.1016/S0304-8853(01)00525-X
http://dx.doi.org/10.1063/1.4918909
http://dx.doi.org/10.1063/1.4918909
http://dx.doi.org/10.1063/1.4918909
http://dx.doi.org/10.1063/1.4918909
http://dx.doi.org/10.1103/PhysRevA.73.053201
http://dx.doi.org/10.1103/PhysRevA.73.053201
http://dx.doi.org/10.1103/PhysRevA.73.053201
http://dx.doi.org/10.1103/PhysRevA.73.053201
http://dx.doi.org/10.6028/jres.074A.045
http://dx.doi.org/10.6028/jres.074A.045
http://dx.doi.org/10.6028/jres.074A.045
http://dx.doi.org/10.6028/jres.074A.045
http://dx.doi.org/10.1016/S0022-0248(96)00694-X
http://dx.doi.org/10.1016/S0022-0248(96)00694-X
http://dx.doi.org/10.1016/S0022-0248(96)00694-X
http://dx.doi.org/10.1016/S0022-0248(96)00694-X



