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The fundamental interactions between magnetic moments at interfaces have an important impact on the properties of
layered magnetic structures. Hence, a direct probing of these interactions is highly desirable for understanding a wide
range of phenomena in low-dimensional solids. Here we propose a method for probing the magnetic exchange interaction
at buried interfaces using spin-polarized electrons and taking advantage of the collective nature of elementary magnetic
excitations (magnons). We demonstrate that, for the case of weak coupling at the interface, the low-energy magnon mode
is mainly localized at the interface. Because this mode has the longest lifetime of the modes and has a finite spectral
weight across the layers on top, it can be probed by electrons. A comparison of experimental data and first-principles
calculations leads to the determination of the interface exchange parameters. This method may help the development of
spectroscopy of buried magnetic interfaces.

M
agnons are the elementary magnetic excitations in a mag-
netically ordered solid. Generally, each magnon corre-
sponds to the reduction in the total magnetization of the

system by two Bohr magnetons (2mB), which is manifested as the
deviation of the atomic moments from the equilibrium direction.
There are a few important differences between magnon excitations
in thin films grown on a substrate and those in bulk crystals. In
single-element bulk crystals all atoms are equivalent and contribute
equally to different magnon modes. This means that a magnon can
be visualized as the deviation of all atomic moments by the same
angle u from the equilibrium direction, whereas the variation of
the azimuth angle f is defined by the wavevector of the magnon.
All moments precess with the same eigenfrequency about the
equilibrium direction. The eigenfrequency v of the precession
determines the energy of the magnons (E¼ hv, where h is the
reduced Planck’s constant).

However, in thin films, the atoms become inequivalent due to the
absence of translational invariance in the direction orthogonal to
the surface. Consequently, the atoms located in the surface and
interface atomic layers have a smaller effective interatomic exchange
coupling than the atoms located in the inner part of the film. Of par-
ticular interest is the strength of the coupling at the interface,
because it has a direct impact on the properties of the system1.
For atoms located in the surface atomic layer, the important
factor influencing the interatomic exchange interaction is the
reduced atomic coordination. For atoms located in the interface
atomic layer an additional strong influence comes from the hybrid-
ization of the electronic states of the atoms with those of the sub-
strate atoms. A natural consequence of the inequivalence of the
atomic layers is that the deviations of the moments u characterizing
a given magnon mode can differ for atoms located at different places
in the structure2,3. Hence, one can anticipate the existence of at least
three different types of magnon: surface, bulk and interface
magnons. In this nomenclature each magnon mode is named
according to the part of the film whose atomic moments contribute
most to that particular magnon mode. How different the surface and

interface magnons are in a given system depends strongly on the
relative values of the interatomic exchange parameters at the
surface, interface and bulk.

Generally, magnons can be excited and probed by different
means, for example, neutrons, electrons and photons. Of these, elec-
trons are the best for exciting magnons in small-sized structures,
such as ultrathin films and nanostructures4–14, because the inter-
action of electrons with the matter is much stronger than that
with neutrons and photons. As a consequence, the spin-dependent
inelastic mean free path in metallic ferromagnets is short15,16.
However, one has to take into account the most important feature
of magnons in metallic systems. Different magnon modes have
different spatial distributions across the film. Even those that are
carrying the interface information have a finite spectral weight in
the atomic layers on top. Moreover, the lifetime of different
magnon modes is different. A competition between the spectral
weight and the lifetime determines the experimental spectra. We
will show that the low-energy magnon mode, localized mainly at
the interface, has the longest lifetime of the modes, so a small spec-
tral weight at the surface is sufficient to excite and probe this mode
and thereby probe the interface exchange parameters.

Probing low-energy magnons in Fe(001) films on Ir(001)
As an example, we study the magnetic coupling at the interface of
epitaxial thin Fe(001) films, six to nine atomic layers thick, grown
on Ir(001). We use spin-polarized electron energy loss spectroscopy
(SPEELS) to excite and probe the magnons. A schematic represen-
tation of the excitation and detection scheme in our experiment is
presented in Fig. 1a. The Fe films investigated here are ferromag-
netic at room temperature, as can be seen from the magnetic hyster-
esis loop presented in Fig. 1b. In SPEELS a well-defined spin-
polarized electron beam is shot onto the sample surface, and the
energy distribution of the scattered electrons is measured for two
different spin polarizations of the incoming beam (parallel or anti-
parallel to the macroscopic magnetization). The difference spectrum
is defined as I� 2 I� , where I� and I� are the recorded intensities of
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scattered electrons when the spin polarization of the incoming elec-
tron beam is parallel and antiparallel to the magnetization, respect-
ively. It carries all the information regarding the magnetic

excitations in the sample. The energy loss of electrons during the
scattering process is equivalent to the energy of the excitation left
behind in the sample. Owing to the fundamental conservation law
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Figure 1 | Experimental scheme, magnetic hysteresis loop, typical spectra and magnon dispersion relation. a, Schematic representation of the SPEELS

experiment. Small arrows in the atomic planes show the transverse component of the atomic magnetic moments precessing with eigenfrequency v. Their

length (radius of the precessing circle) indicates the amplitude of this particular magnon mode. The solid red line indicates the wave nature of these

excitations. The low-energy magnon mode is mainly localized at the interface layer (I). It has a finite spectral weight at the surface layer (S). Magnons are

excited by incidence of electrons of minority character. K i and K f are the momenta of electrons before and after the scattering process, respectively. q is the

momentum of excited magnons. b, Typical magnetic hysteresis loops of a six-atomic-layer-thick Fe(001) film on Ir(001) recorded by the magneto-optical

Kerr effect in longitudinal geometry with an external magnetic field applied along the [1�10] (solid squares) and [0�10] (open circles) directions. c,d, Typical

SPEELS spectra recorded at an in-plane wavevector transfer of DK‖¼0.8 Å21 probed along the Fe[100] and Fe[110] directions, respectively. The intensity

spectra I� (red inverted triangles) and I� (blue triangles) are obtained using the incident electrons with the spin parallel and antiparallel to the macroscopic

magnetization, respectively. e,f, Series of difference spectra (I� 2 I�) at in-plane wavevector transfers of DK‖¼0.5 (black squares), 0.6 (red circles), 0.7

(green triangles) and 0.8 (blue inverted triangles) Å21. Data recorded along the Fe[100] direction are presented in e and data recorded along the Fe[110]

direction in f. g, Experimental (open symbols) and theoretical (solid curve) magnon dispersion relation. Only the low-energy mode is shown. The Brillouin

zone is depicted in the inset.
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of total angular momentum during the scattering process, the cre-
ation of a magnon is only possible when the incoming electron is
of spin-down character (S¼ –1

2h, spin polarization parallel to the
sample magnetization) and the scattered electron is of spin-up char-
acter (S¼þ1

2h, antiparallel to the sample magnetization). In such a
case, the total angular momentum of the sample decreases by h,
which is characteristic for a magnon17. The analysis of the difference
spectra (I� 2 I�) provides direct information on the energy and life-
time of excited magnons14,18. The conservation of parallel linear
momentum during the scattering process accounts for the momen-
tum of the excited magnons (DK‖¼ q, where DK‖ = Ki

‖ − Kf
‖ is the

parallel momentum transfer of electrons to the sample and q is the
momentum of the magnons).

Typical SPEELS spectra recorded on a six-atomic-layer-thick
Fe film grown on Ir(001) at an in-plane wavevector transfer of
DK‖¼ 0.8 Å21 are shown in Fig. 1c,d. The measurements
performed along Fe[100] (�G−X̄ in the reciprocal space) are pre-
sented in Fig. 1c and those along Fe[110] (�G−M̄ in reciprocal
space) in Fig. 1d. In this notation, �G represents the centre, and X̄
and M̄ denote the high symmetry points of the Brillouin zone
(see inset of Fig. 1g). Along both directions, the magnon peak is
visible in the energy loss region of the minority channel. The
magnon energies can be identified easily in the difference spectra,
as shown in Fig. 1e,f. The peak position indicates the excitation
energy. The magnon dispersion relation is constructed by plotting
the magnon energies as a function of the wavevector for both
probing directions (Fig. 1g). Surprisingly, the magnon energies are
very low compared to those of bulk Fe. The length of the �G−X̄
direction is 1.16 Å21, and that of �G−M̄ is 1.64 Å21, assuming
that the in-plane lattice constant of the Fe film is 2.72 Å (this is
because Fe grows pseudomorphically on an Ir(001) substrate,
up to 10 atomic layers, with the epitaxial relationship
Fek110l‖Irk100l)19. The data points of the measurement along the
�G−M̄ direction are only up to DK‖¼ 1.1 Å21. The reason for
this is that the intensity of the difference spectra is too low for
DK‖ . 1.1 Å21 (Fig. 1f ).

The low excitation energy and decreasing intensity of this mode
with increasing number of Fe atomic layers from six to nine atomic
layers (in particular close to the X̄-point), without any substantial
change in the energies, indicate that this mode is mainly localized
at the interface (Supplementary Section S1). Obviously, for a
surface magnon mode we would expect a very different behaviour,
namely no significant change in the magnon intensity while increas-
ing the number of atomic layers12,20. The definite proof of this
hypothesis comes from our first-principles calculations. We per-
formed two different sets of calculations. The first set of calculations,
accomplished with a self-consistent Green function method, yields
the magnetic exchange parameters and magnon dispersion relation
in an adiabatic approach and allows us to calculate the contribution
of each atomic layer to the magnon modes. The second set of
calculations, based on linear-response, time-dependent density
functional theory, provides information on magnon lifetime.
The low-energy mode, which satisfies the Goldstone theorem
E(q¼ 0)¼ 0, calculated for six atomic layers of Fe on Ir(001), is
shown in Fig. 1g by the solid red line. The results of the calculations
agree very well with the experimental results. Moreover, the calcu-
lated atomic- (or layer-) resolved transverse magnetic susceptibility
results in the spatial distribution of each magnon mode over the
Brillouin zone and allows us to compare the contribution of each
atomic layer to each magnon mode.

Figure 2a shows the energies of all magnon modes calculated as
the eigenvalues of the Heisenberg Hamiltonian. The susceptibility
spectral functions projected into the interface and surface layers are
presented in Fig. 2b and c, respectively. In this representation, the
broadening of the lines indicates the contribution of the given layer
to all magnon modes. For example, in Fig. 2b, the broadening of

the low-energy mode is much stronger than in the other modes,
meaning that a large contribution into this mode comes from the
Fe atoms located in the atomic layer next to the Ir(001) substrate.
The zero energy of the uniform mode at q¼ 0 reflects the fact that
in the absence of the magnetic anisotropy the rigid reorientation of
the magnetization of the system costs no energy, as expected from
the Goldstone theorem. The change in the degree of localization
with increasing wavevector is a complex process that depends on
the pattern of the interatomic exchange parameters. Figure 2c
shows the contribution of the surface layer to all magnon modes,
indicating that the contribution of the surface layer to the low-
energy mode is small for magnon wavevectors larger than 0.5 Å21

and is zero near the zone boundaries (near the X̄- and M̄-points).
Because increasing the magnon wavevector means a larger angle f
between neighbouring atomic moments, the difference in the
exchange parameters for different layers becomes increasingly more
important, leading to the localization of the magnons in the region
of the smallest exchange parameters. At q¼ 0 (Goldstone mode),
all atomic layers contribute equally to the low-energy mode. The
contribution of the interface layer to this mode becomes larger as
the wavevector increases, whereas the contributions from the other
layers become smaller, such that at the X̄ point only the contribution
of the interface atomic layer remains (Fig. 2d).

By conducting an independent experiment we estimated the
average spin-dependent inelastic mean free path of Co film to be
of the order of l≈ 4.5 in the units of vertical layer spacing (being
1.6 Å). If one assumes that Fe films have a similar spin-dependent
mean free path one can estimate the expected intensity of the
SPEELS spectra based on a simple kinematic model. As a rule of
thumb, one may assume an exponential decay of the excitation
probability with increasing deepness of the layer. Based on this
assumption, the overall contribution of all layers to each magnon
mode can be calculated as A =

∑6
n=1 An exp(−ln,q/l), where An is

the contribution of the nth layer to that particular magnon mode,
n is the number of atomic layers counted from the top, and ln,q is
the path length of electrons inside the film (which depends on n
and q, or more precisely on the scattering geometry). The contri-
bution of each layer to the low-energy mode taken from the
ab initio calculations is presented in the upper panel of Fig. 2d.
The quantity A is calculated as a function of the wavevector for
the low-energy mode and is presented in the lower panel of
Fig. 2d. It may be regarded as the expected intensity of the
experimental difference spectra. Such a simple calculation reveals
that the expected intensity close to the X̄ point is about 13% of
that for q¼ 0.6 Å21 in the middle of the �G−X̄ direction. This
means that, although at X̄ the main contribution to this mode is
coming from the interface layer, it may still be measured by
SPEELS. At this point we would like to mention that in this
simple kinematic model only the probability of probing the interface
mode is calculated; there are other parameters that may influence
inelastic electron scattering that are not considered in this
simple model.

Another way to illustrate that the low-energy mode is manly
localized at the interface is to calculate the magnon spectrum of
the free-standing Fe(001) film. The results (Fig. 2e) show that the
dispersion relation of the low-energy mode changes strongly,
whereas the other modes are unaffected. For instance, the energy
at X̄ is increased from 125 to 240 meV. Note that in this case the
surface and interface layers are almost equivalent, so the spectral
weights of the two low-energy modes projected into the surface
and interface layers are almost identical. A comparison of
Fig. 2b,c,e demonstrates the effect of hybridization of the electronic
states of the film with those of the substrate on the magnon
dispersion relation. It further illustrates how the degeneracy of the
two low-energy magnon modes along the X̄−M̄ direction
is broken and a mode with a lower energy is formed. This
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lowest-energy mode is mainly localized at the atomic layer next to
the substrate, where the exchange parameters are weaker.

Determination of magnetic exchange parameters
The localization of magnons at the Fe/Ir(001) interface can be
understood on the basis of an analysis of exchange parameters. In
principle, the reduction of the coordination number at surfaces/
interfaces can lead to magnon softening20. However, in many
systems, interface electronic properties are different from surface
ones. This leads to a significant difference in the exchange para-
meters at the surface and at the interface. Remarkably, at the
Fe/Ir(001) interface, magnon softening induced by interface hybrid-
ization is much more significant than that from the surface, which
indicates a strong reduction in the intralayer exchange constants
at the Fe/Ir(001) interface. Figure 2f shows the exchange parameters
in the Fe/Ir(001) system. For simplicity, only the relevant par-
ameters are presented. The interaction between atoms of the same
atomic plane is referred to as intralayer coupling and that between

atoms from different layers is referred to as interlayer coupling.
Although interlayer coupling for both surface and interface layers
is strongly ferromagnetic, the intralayer exchange parameters are
relatively small. In particular, the intralayer exchange parameters
at the Fe/Ir interface have a strong tendency to be antiferromagnetic.
Because of the strong ferromagnetic coupling between the layers, the
ground state is still ferromagnetic.

The lifetime of different magnon modes
Another aspect that is of primary importance is the damping mech-
anism of the high-wavevector magnons, which is governed by the
decay of the collective magnons into single-particle Stoner exci-
tations14,18,21. This type of damping, commonly referred to as
Landau damping, is very strong in ferromagnetic metals and, as a
rule, quickly increases with increasing magnon energy. As a
result, for each wavevector q, only the lowest-energy magnon
mode has a longer lifetime and can be unambiguously detected in
the experiment. The contribution of all other magnon modes is
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drastically reduced because of their strong damping (short lifetime).
Competition between the spectral weight of different magnon
modes and their damping determines the SPEELS response func-
tion. As discussed above, the amplitude of the interface magnons
in the upper layers remains significant, but the damping of
higher-energy magnons is very strong. Although the spectral
weight of the interface mode is not as large as the surface mode, it
has a much longer lifetime and hence dominates the spectra.

Calculation of the dynamic transversal spin susceptibility con-
siders, on an equal footing, both collective magnons and single-elec-
tron Stoner excitations, and provides a full account of the Landau
damping of the magnons. These calculations are presented in
Fig. 3, which already shows drastic Landau damping of the higher
energy magnon mode. Interestingly, a similar weak peak is observed
in the experimental spectra, again showing good correlation
between experiment and theory, even in such non-trivial features
as the observation of strongly damped magnons. Without first-prin-
ciples calculations of the dynamic spin susceptibility, noticing and
interpreting this weak feature would have been virtually impossible.

Conclusions
For further illustration of the capability of this method for probing
the interface exchange interaction, we replaced the top five Fe
atomic layers with three atomic layers of Co (keeping only one
atomic layer of Fe at the interface). The measured magnon dis-
persion relation revealed a very similar low-energy magnon mode,
indicating that this mode originates mainly from the buried Fe
atomic layer located at the interface (Supplementary Section S2).

The method illustrated above is also applicable to other ferro-
magnetic thin films grown on other substrates. If the magnetic
coupling at the interface is weaker than at the surface, the low-
energy magnon mode is localized mainly at the interface. If the
interatomic exchange parameters at the interface and surface are
similar, the surface and interface modes will have similar energies
and also a very similar spectral weight. In such cases, by comparing
the experimental results with the first-principles calculations, one
can determine which magnon mode is observed in the experiment.
The analysis would provide the values of the exchange parameters at
both the surface and the interface.

The method is more easily applicable to cases where the coupling
at the interface is weaker than at the surface. This leads to the clear
separation of the low-energy magnon mode from the other modes.
We calculated the magnon spectral density for Fe(001) films on
Rh(001) and also for Co films on Cu(001) (Supplementary

Section S3). For the Co(001)/Cu(001) system the surface and inter-
face layers make a very similar contribution to the low-energy
magnon mode. Interestingly, for the Fe(001)/Rh(001) system,
similar to Fe(001)/Ir(001), the low-energy magnon mode is
mainly localized at the interface. The results demonstrate the
degree of electronic hybridization of the film and substrate in
these systems, which for the case of Co(001)/Cu(001) is rather
weak but for Fe(001)/Ir(001) and Fe(001)/Rh(001) is very strong.

Methods
Experiment. All experiments were performed under ultrahigh vacuum. Before film
deposition, the surface of the Ir(001) substrate was cleaned using our standard
cleaning procedure (developed for refractory metals)22. This preparation resulted in
a reconstructed Ir(001) 2 (5 × 1) surface. The reconstruction appears in two
mutually orthogonal domains. The Fe films were grown by molecular beam epitaxy
at 300 K and subsequently annealed at �900 K to improve the surface quality.
Low-energy electron diffraction showed very sharp (1 × 1) patterns, indicating a
very well-ordered surface structure.

The magnetic state of the films was checked by means of the magneto-optical
Kerr effect. The room-temperature ferromagnetic hysteresis loop is observed only
for films with a thickness of more than five atomic layers. Recent theoretical
calculations predict that the ground state of Fe films on Ir(001) for film thicknesses
up to four atomic layers is a non-collinear magnetic ground state23. Therefore, we
chose a nominal thickness of six atomic layers as the starting point for our SPEELS
measurements. Because Fe/Ir(001) shows a strong dependence of its magnetic
properties on the number of Fe layers, one would expect that this crossover in the
type of magnetic structure is the result of the difference in exchange parameters at
the interface and in the inner atomic layers. We showed that this is indeed the case.

Longitudinal magneto-optical Kerr effect measurements performed on a six-
atomic-layer-thick Fe film with the field applied along the [1�10] and [0�10] directions
are presented in Fig. 1b. The two similar rectangular hysteresis loops indicate that
the magnetic anisotropy of the film is very small. This would allow saturation of the
magnetization of the film along any in-plane direction. The magnons are probed
along a direction perpendicular to the magnetization. The sample was magnetized
before the SPEELS measurements.

The SPEELS spectra were recorded at the remanent state. The scattering plane
was chosen to be parallel to the Fe[100] (or Fe[110]) direction. The incident electron
energy was 6 eV with an energy resolution of 16.9 meV. Along both directions, the
magnon peak is nicely visible in the energy loss region of the minority channel.
Electrons with their spin parallel to the sample magnetization are referred to as
minority electrons and those with spin polarization antiparallel to the sample
magnetization are referred to as majority electrons. The desired wavevector is
achieved by changing the scattering geometry, that is, by changing the angle between
the incident and scattered beam with respect to the surface normal.

Theory. Two sets of calculations were performed. The first set of calculations was
performed within the framework of a generalized gradient approximation of density
functional theory24. The structural parameters of Fe/Ir(001) were taken from the
available experimental data19. These served as the input for self-consistent
calculations of the electronic structure using the Green function method, specially
designed for layered semi-infinite systems25. The Heisenberg exchange constants
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were obtained by using the magnetic force theorem, implemented within the Green
function method26.

The second set of calculations were performed based on linear-response, time-
dependent density functional theory21. This type of calculation provides information
on the lifetime of excitations.
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25. Lüders, M., Ernst, A., Temmerman, W. M., Szotek, Z. & Durham, P. J. Ab initio
angle-resolved photoemission in multiple-scattering formulation. J. Phys. 13,
8587–8606 (2001).

26. Liechtenstein, A. I., Katsnelson, M. I., Antropov, V. P. & Gubanov, V. A. Local
spin density functional approach to the theory of exchange interactions in
ferromagnetic metals and alloys. J. Magn. Magn. Mater. 67, 65–74 (1987).

Acknowledgements
A.E. acknowledges funding from the Deutsche Forschungsgemeinschaft (DFG priority
programme SPP 1538 ‘Spin Caloric Transport’). The calculations were performed at the
Rechenzentrum Garching of the Max Planck Society.

Author contributions
Kh.Z. supervised the project, conceived and planned the experiments, participated in the
analysis of the experimental data and wrote the paper. T.-H.C. carried out the experiments
and analysed the experimental data. A.E. and P.B. performed the theoretical calculations.
A.E. analysed the theoretical results. L.M.S. participated in the analysis of the theoretical
results, the development of the structure of the paper and in writing the paper. H.J.Q.
performed one part of the experiments and analysed the experimental data. Y.Z.
contributed to the experiments. J.K. supervised the project. All authors contributed to the
discussion of the results and improving the manuscript.

Additional information
Supplementary information is available in the online version of the paper. Reprints and
permissions information is available online at www.nature.com/reprints. Correspondence and
requests for materials should be addressed to Kh.Z.

Competing financial interests
The authors declare no competing financial interests.

ARTICLES NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2013.188

NATURE NANOTECHNOLOGY | VOL 8 | NOVEMBER 2013 | www.nature.com/naturenanotechnology858

© 2013 Macmillan Publishers Limited. All rights reserved

http://dx.doi.org/10.1016/j.elspec.2012.06.009
http://dx.doi.org/10.1016/j.elspec.2012.06.009
http://www.nature.com/doifinder/10.1038/nnano.2013.188
www.nature.com/reprints
http://www.nature.com/doifinder/10.1038/nnano.2013.188
www.nature.com/naturenanotechnology

	Direct probing of the exchange interaction at buried interfaces
	Probing low-energy magnons in Fe(001) films on Ir(001)
	Determination of magnetic exchange parameters
	The lifetime of different magnon modes
	Conclusions
	Methods
	Experiment
	Theory

	Figure 1  Experimental scheme, magnetic hysteresis loop, typical spectra and magnon dispersion relation.
	Figure 2  Calculated magnon dispersion relation and spectral density for six atomic layers of Fe film on Ir(001) and site-resolved exchange coupling.
	Figure 3  Lifetime of different magnon modes.
	References
	Acknowledgements
	Author contributions
	Additional information
	Competing financial interests


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    35.29000
    35.29000
    36.28000
    36.28000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50000
    8.50000
    8.50000
    8.50000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (NPG PRINT PDF Job Options. 4th September 2006. PDF 1.3 Compatibility. Adds Trim and Bleed boxes top Nature pages where none exist.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice




