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INTRODUCTION

For the simple ferromagnets Fe, Co, and Ni, two fundamentally different limiting models of itinerant and localized electrons are used
to describe the band structure evolution during the ferromagneticparamagnetic phase transition. Despite this very simple and very
old description, however, little is known about the real effects on band
structure in these ferromagnetic materials during this phase transition.
Even in thermal equilibrium, band magnetism in these 3d ferromagnetic systems at finite temperatures has been a topic of discussion
for decades (1–11), with different theoretical models considering, for
instance, spin fluctuations and 3d electron correlations.
From an experimental point of view, one problem of the experiments carried out in the early 1980s was that the phase transition had
to be thermally induced (1–11), which intrinsically caused problems
considering the very high Curie temperatures of these elemental
materials, reaching from about 630 K for Ni up to 1400 K for Co. Nowadays, however, a way to bypass this issue is to selectively excite the
electronic system with an ultrashort laser pulse, which heats the electronic system easily far above 1000 K, before the energy is transferred
to the lattice. Even though the material is not in thermal equilibrium,
this procedure represents a valuable approach for studying the electronic band structure evolution in a ferromagnetic-paramagnetic phase
transition, if the necessary tools are available.
Fortunately, in recent years, groundwork has been done so that
experiments studying the ultrafast ferromagnetic-paramagnetic phase
transition become more and more feasible. For example, Weinelt et al.
have carried out benchmark experiments using time-resolved photo1
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emission, which have had a considerable impact on our understanding
of the demagnetization process in 4f ferromagnetic systems (12–15).
In a more recent work, they have shown that the spin polarization in
the ultrafast demagnetization of Gd decreases exponentially within
about 15 ps, whereas the corresponding d-band component shows a
Stoner-like shift on a subpicosecond time scale (15). However, no clear
experiment has been carried out for the 3d systems so far.
Here, we use time-, spin-, and angle-resolved photoelectron spectroscopy (16, 17), in combination with a high harmonic light source in
the extreme ultraviolet (XUV) region (Fig. 1A) (18). The XUV photon
energy allows us to access the transient behavior of a 3d ferromagnetic
material over the full energy range of the valence bands for the first
time. Moreover, our experimental technique also provides direct
information about the origin of the detected photoelectrons within
the electronic band structure. This enables us to follow the energyresolved electron and spin dynamics in the valence bands of a Coon-metal film during the ferromagnetic-paramagnetic phase transition
(that is, “demagnetization”) in detail. A critical issue that we seek to
clarify is the role of band energy shifts versus band mirroring of the
spin-polarized bands. We find that, at energies near the Fermi level,
the spin dynamics is predominantly driven by a redistribution of spinpolarized carriers. However, at higher binding energies >1 eV, quenching
of the spin polarization exhibits transient band dynamics that can unambiguously be traced back to rapid band mirroring of the electronic
states. Our results indicate that collective excitations play a dominant
role in the demagnetization process in this sample, and elucidate why
previous work that probed different parts of the electronic band structure seemingly yielded contradictory results.
Figure 1B illustrates how the electronic and spin systems might
respond during the ferromagnetic-paramagnetic phase transition.
These processes are commonly discussed in the limiting pictures of
an itinerant electron Stoner-like approach versus a localized electron
Heisenberg spin picture. In the case of a Stoner-like behavior of itinerant
electrons, the magnetic moments are quenched via single-particle excitations that induce a collapse of the exchange splitting and therefore
a shift of the spin-polarized bands. In the case of a localized spin or
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The evolution of the electronic band structure of the simple ferromagnets Fe, Co, and Ni during their well-known
ferromagnetic-paramagnetic phase transition has been under debate for decades, with no clear and even contradicting experimental observations so far. Using time- and spin-resolved photoelectron spectroscopy, we can make a
movie on how the electronic properties change in real time after excitation with an ultrashort laser pulse. This allows
us to monitor large transient changes in the spin-resolved electronic band structure of cobalt for the first time. We
show that the loss of magnetization is not only found around the Fermi level, where the states are affected by the laser
excitation, but also reaches much deeper into the electronic bands. We find that the ferromagnetic-paramagnetic
phase transition cannot be explained by a loss of the exchange splitting of the spin-polarized bands but instead
shows rapid band mirroring after the excitation, which is a clear signature of extremely efficient ultrafast magnon
generation. Our result helps to understand band structure formation in these seemingly simple ferromagnetic
systems and gives first clear evidence of the transient processes relevant to femtosecond demagnetization.
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intermixed with the excitation of hot electrons by the pump pulse.
Moreover, the use of 6-eV probe pulses restricts these studies to the
evolution of the electron and spin dynamics at the very center of the
Brillouin zone, which might contain only partial information about
the relevant dynamics. In other work using time-resolved magnetooptical Kerr spectroscopy, Carpene et al. (19) recently concluded that
ultrafast demagnetization in Fe is most dominantly driven by magnon
generation. Although Rhie et al. carried out their measurements on Ni
on W, whereas Carpene et al. use an Fe on MgO sample, these contradictory conclusions are surprising. They suggest that, already within
3d ferromagnetic materials, different microscopic processes are likely
to be responsible for the evolution of the band structure during the
phase transition. Moreover, the interpretation of results is made even
more complicated by the importance of the sample structure for ultrafast demagnetization because ferromagnetic films on metals demagnetize at a faster rate in comparison to ferromagnets deposited on
insulators, due to a large contribution of fast superdiffusive spin currents (23–26). In addition, it was shown that different techniques for
the measurement of the ultrafast demagnetization process interact
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Fig. 1. Schematic of the time- and spin-resolved XUV photoemission spectroscopy experiment and the potential response of the electronic and spin systems
to laser-induced demagnetization. (A) The thin, in-plane-magnetized Co film (30 ML) is excited with near-infrared (NIR) laser pulses (74 ± 1 fs, 1.6 eV) that induce
demagnetization. The evolution of the band structure is measured via spin- and time-resolved photoemission using XUV pulses (33 ± 7 fs, 22 eV) from high-harmonic
generation (HHG). (B) Exchange split density of states for a 3d ferromagnet (left). Reduced magnetization in the Stoner-like picture via a potential collapse of the
exchange splitting (middle) and in the localized spin picture via band mirroring (right).
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Fig. 2. Investigated region of the band structure. (A) Bulk (bottom) and surface Brillouin zones (BZ; top) of the Co fct lattice. The red shaded spherical section
illustrates the observed region in the Brillouin zone. Note that the central point of the sphere is the G point in the Brillouin zone above (not shown) because the value of
k⊥ = 2.9 Å−1 for our experimental conditions exceeds the size of the first Brillouin zone with k⊥ = 1.8 Å−1. (B) Cut through the GKUX plane of one side of the bulk Brillouin
zone and the projection to the surface. The red line represents the region in reciprocal space over which we integrate with our spin detector. (C) Calculated band
dispersion for the majority D2,up band and minority D5,down band by a tight-binding method based on the work of Miyamoto et al. (32).
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Heisenberg picture, magnetic moments change their orientation via
collective excitations, that is, due to spin fluctuations and/or magnon
generation (15, 19–21). This spatially and time-dependent modification of the orientation of the magnetic moments leads to rapidly
fluctuating spin-split electronic states in space and time. Because the
experiment probes only the macroscopic average of these fluctuations/
magnons, one observes the so-called band mirroring effect in the spindependent density of states (22). Thus, a clear observation of energetic
shifts or band mirroring during ultrafast laser-driven demagnetization
would help to understand the nature of the spin interactions and their
dynamics in 3d ferromagnets.
Early and pioneering time-resolved photoelectron spectroscopy
studies of the evolution of the band structure during ultrafast demagnetization of 3d ferromagnetic materials were carried out by
Rhie et al. (20). In their time- and energy-resolved, but spin-integrated,
photoemission studies of Ni/W(110), they found that the collapse of
the exchange splitting is the driving force of the demagnetization process, which evolves on a time scale of 300 ± 70 fs. However, in this first
result, the spin-integrated shift of the bands above the Fermi level is
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with different parts of the band structure and therefore may also
produce seemingly contradicting results (13, 27–30). In summary,
all these works illustrate the need for more complete measurement
techniques that can measure the full spin-resolved band structure
evolution of materials, as we use here (see Fig. 2A and Materials
and Methods).

Brillouin zone. The valence band structure in this direction is dominated by a majority D2,up band and a minority D5,down band. Figure 2C
-X

shows the calculated band dispersion of both bands along the G
direction of the surface Brillouin zone (32). In this region, the corresponding bands exhibit relatively low dispersion, and we observed homogeneous electron excitation and electron dynamics using time- and
angle-resolved photoelectron spectroscopy (see the Supplementary
Materials). More information about the slice of the Brillouin zone that
we access under our measurement conditions, as well as a detailed analysis of the static band structure of Co/Cu(001), can be found in the
study of Miyamoto et al. (31).
Figure 3A shows spin-integrated photoemission spectra of Co/
Cu(001) (30 ML) before and after optical excitation at pump-probe
delays of −100 fs and 100 fs, respectively. The spin-integrated spectrum exhibits a distinct peak below the Fermi level, which is composed
of photoemission intensity contributions from both a majority D2,up
band and a minority D5,down band (see Fig. 2C) (31). The spectrum

RESULTS

Figure 2A shows the bulk (bottom) and surface Brillouin zones of the
Co face-centered tetragonal (fct) lattice. Using a value of 15 eV for the
inner potential (31), we determine k⊥ = 2.9 Å−1 for our measurement
conditions (hn = 22 eV, EB = 1 eV, normal emission, work function
f = 4.8 eV) and are therefore in the middle of the Brillouin zone, as
indicated by the red shaded spherical section. Our spin detector
integrates over kll = ±0.27 Å−1 (emission angle, ±6.5°), which is
shown in Fig. 2B for the GKUX plane in one direction of the bulk
B
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Fig. 3. Spin-resolved photoemission spectra. (A) Spin-integrated photoemission spectra of Co/Cu(001) (30 ML) before (−100 fs) and after (100 fs) optical excitation.
(B) Spin dynamics extracted from the measured spin polarization at EB = 2.3 eV. (C and D) Partial intensities of majority- and minority-spin photoemission spectra as a
function of time. Lines correspond to the fits, as described in the text, whereas the arrows indicate a decrease/increase in spectral weight. (E) Transient quenching of the
spin polarization. (F) Transient spin polarization extracted from energies around the Fermi level (red squares) and at higher binding energies (black circles), together
with the appearance of hot electrons (violet open squares). All lines in (F) are guides to the eye.
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begun. This observation illustrates why measurements over a limited
energy range in the band structure are insufficient to understand what
is occurring during the demagnetization process. Moreover, as a consequence, techniques that probe different parts of the band structure
might be expected to yield different results (13, 27–30). However, in
contrast to traditional approaches for probing femtomagnetism, spin-,
energy-, and angle-resolved photoemission can disentangle different
contributions by directly accessing information about the origin of the
probed electrons in the band structure.

DISCUSSION

We now analyze in more detail the energy-resolved transient dynamics of the partial majority- and minority-spin polarized band intensities to quantify the roles of collapsed exchange versus band mirroring
processes. We find simple fit functions for the static (that is, unpumped)
peaks and background of the partial intensities so that subsequent fits to
elucidate how the dynamics changes with time will have less parameters
and be consequently more reliable. For the majority spins, we need a
constant background plus a Gaussian peak function to account for
the nonuniform background intensity, together with a second Gaussian
for the peak in this energy range (according fits can be found in Fig. 3C
as lines). For the minority channel, a constant background with a single
Gaussian peak is sufficient to fit the data (compare lines in Fig. 3D). To
account for the increased electronic temperature of the thermalized
laser-excited electrons that we detect around the Fermi level, we include
a Fermi function with the electronic temperature as a fitting parameter.
At the same time, we leave the energetic position of Fermi level fixed,
and we therefore do not account for minor shifts of the chemical
potential during the demagnetization process (35).
We start with an analysis of whether energetic shifts of the majority and minority photoemission peaks occur as a function of time. A
reduction of the exchange splitting would involve a shift of the majority D2,up band toward lower binding energies because the corresponding minority band is located in the unoccupied regime (36).
The observed minority D5,down band would shift to higher binding energies because the corresponding majority band is located at EB = 2 eV
(36). Note that the latter band cannot be observed as a peak in our
recorded spectra due to correlation effects (6). Figure 4A shows the
extracted shifts of the majority and minority peaks as a function of
time. As expected from a Stoner-like approach, the majority bands
seemingly shift about 200 meV toward lower binding energies; however, the minority bands stay rigid within our energy resolution.
Nevertheless, we would like to point out explicitly that the energy
shifts extracted here have to be treated with caution because the laserexcited hot electrons cannot be assumed to be fully thermalized
within 150 fs (36).
In our next step, we therefore cross-check this result. Figure 4B
(top) displays our fitted spectral line shapes that are shifted by the
extracted values at 100 fs from Fig. 4A and plotted together with
our experimental data at 100 fs (red and blue data points). A pure
shift of the majority and minority spectra shows a rather weak agreement with the observed experimental data. In particular, a pure shift
does not reproduce a collapse of the spin polarization at high binding
energies EB > 1.5 eV (Fig. 4B, bottom). Because both the majority and
minority bands show a rather flat spectral shape in the energy range
EB > 1.5 eV, shifts in the range of several electron volts would be
required to induce a change in the minority/majority photoemission
intensity ratio at these binding energies. We therefore draw three
4 of 8
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measured at 100 fs after optical excitation shows a redistribution of
electrons in an energy range of about 0.5 eV around the Fermi level
in comparison to the unpumped spectrum at −100 fs. Electrons are
excited by the pump pulse from the 3d bands, where the intensity decreases, to unoccupied states above EF, where an increase of intensity
is observed.
Next, we use the spin-resolved capability of our spectrometer to
observe both the majority and minority bands separately. Using the
additional information of the individual number of spin-down majority (N↓) and spin-up minority electrons (N↑), we can calculate
the spin polarization P = (N↓ − N↑)/(N↓ + N↑), which is proportional to the magnetization (see Fig. 1A). Figure 3B plots the transient spin polarization using the spin detector at a binding energy of
about 2.3 eV after laser excitation with a pump fluence of 12 mJ/cm2.
We want to emphasize that this binding energy is well away from the
energetic region ≈±0.5 eV around the Fermi energy that is directly affected by the laser pump pulse (see also the Supplementary Materials).
The data in Fig. 3B nevertheless exhibit spin dynamics resembling a
typical demagnetization curve and provide a clear indication of an
ultrafast ferromagnetic-paramagnetic phase transition. Moreover, the
fitted decay time constant of surprisingly fast t = 42 ± 44 fs is indicative
of superdiffusive spin currents driving the demagnetization process
(33, 34). However, as explained above, this response at a single energy
is insufficient to unambiguously deduce the different microscopic mechanisms at work.
In the next step, we therefore extract the partial intensities of the
majority- and minority-spin channels as a function of time in 50-fs
steps (Fig. 3, C and D). We observe that both spin channels show a
clear, but different reaction to ultrafast laser excitation. As expected
from the spin-integrated results, both spin channels show an increase of intensity above the Fermi energy. In contrast, however,
we observe that, below the Fermi level in the energetic region of
the peaks (at around EB = 0.5 eV), only the minority channel exhibits
the expected decrease of photoemission intensity, whereas the intensity in the majority channel increases. In addition, we observe further
distinct dynamics at high binding energies (EB > 1 eV), where no
redistribution of electrons is observed in the spin-integrated spectra
and, moreover, in the region that is not at all accessed by the pump
pulse via linear photoexcitation (EB > 1.6 eV). Here, an opposite behavior, in comparison to the intensity changes in the regions of the
peaks, is observed: The majority-spin intensity decreases, whereas
the minority-spin intensity increases, as indicated by the arrows in
Fig. 3 (C and D). These observations cannot be understood in a simple picture considering only the excitations of hot electrons. In particular, the increase of spectral weight in the occupied region of the band
structure already evidences some type of transient band dynamics
upon demagnetization.
The measured spectral spin polarization from which the partial intensities in Fig. 3 (C and D) were extracted is shown in Fig. 3E. Here, we
observe an overall reduction of the spin polarization on ultrafast time
scales. In addition, a closer look at the transient quenching of the spin
polarization also reveals spectrally different responses. When we analyze the spin polarization around the Fermi level (red filled squares in
Fig. 3F), which is strongly modified by the partially thermalized laserexcited hot electrons (violet open squares in Fig. 3F), the dynamics is
distinct from the dynamics seen at higher binding energies (black circles
in Fig. 3F). At 150 fs, the spin polarization at higher binding energies
still shows a maximum quenching, whereas around the Fermi level, a
partial relaxation process of the quenched magnetization already has
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majority spectrum and gains spectral weight from the initial minority spectrum accordingly. The same was carried out for AMin and BMin in the minority channel (blue
dashed and red solid lines). (D) Same as (B), if only band mirroring is considered.

conclusions. First, an analysis of energy shifts has to be taken with
caution because of the influence of nonthermalized hot electrons in
the fitting routine. Second, for changes in the partial intensities and
the accompanied considerable reduction of the spin polarization as
observed experimentally at high EB, shifts on the order of several electron volts would be needed, which are not present in our data. Last,
another process must be responsible for the observed 50% quenching
of the spin polarization at high binding energies.
We now focus on the second potential process that can cause
demagnetization, that is, band mirroring. Here, we want to further
clarify the origin of band mirroring and also discuss the expected
impact on our measured spin-resolved data. In the Heisenberg picture, magnetic moments deviate from perfect ferromagnetic alignment
due to spin fluctuations and/or magnons (15, 19–21). Therefore, with
respect to the spin detection axis of the spin analyzer, photoemission
intensity that is lost in one spin channel will appear in the opposite
channel, whereas the total spectral weight remains constant. In the
case of the 3d ferromagnets, because of spin-orbit coupling, we always
Eich et al., Sci. Adv. 2017; 3 : e1602094
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measure electronic states with a certain spin mixing, of which we detect the partial majority and minority intensities. If we now assume
that spin fluctuations or magnons are present in our sample, the induced deviation of magnetic alignment would induce a change of this
ratio of majority versus minority spectral weight with respect to the
used spin detection axis. Therefore, if a specific band in our measurement would exhibit an increase in minority character upon laser
excitation (or vice versa), these electrons would show up in our
spin-resolved measurement in the minority channel, with a partial
spectral weight according to the initial majority band, because the
total spectral weight should remain constant.
In our analysis, we define that, before the Co is excited by the pump
pulse, the initial condition (no dynamical band mirroring) is that the
majority channel of our detector measures the full spectral weight
“AMaj = 1” of the majority spectrum “SpectrumMaj” and zero spectral
weight “BMaj = 0” of the minority spectrum “SpectrumMin,” that is
ChannelMaj ¼ AMaj ⋅SpectrumMaj þ BMaj ⋅ SpectrumMin

ð1Þ
5 of 8
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and vice versa
ChannelMin ¼ AMin ⋅ SpectrumMaj þ BMin ⋅ SpectrumMin

ð2Þ

ChannelMaj ¼ 0:75 ± 0:03∗ SpectrumMaj þ 0:24 ± 0:02∗ SpectrumMin
ChannelMin ¼ 0:30 ± 0:04∗ SpectrumMaj þ 0:72 ± 0:03∗ SpectrumMin
That is, the initially spin-polarized band structure as measured
with our detector is mixed by 43 ± 10% in the majority-spin channel
and by 50 ± 3% in the minority-spin channel during the demagnetization process. These values are also consistent with the reduction
of spin polarization measured at high binding energies of 45 ± 7%, as
shown in Fig. 3F. Once again, as a cross-check, we plot the fitted spectral line shapes mirrored with the extracted values of AMaj/Min and
BMaj/Min from Fig. 4C together with the experimental data at 100 fs in
Fig. 4D. We note a very good agreement between the modeled spectra
and the experimental data throughout the entire spectral range for
minority channel, majority channel, and the measured spin polarization. In consequence, we conclude that band mirroring, and not the collapse of exchange splitting, must be the dominant process that drives the
observed reduction of the spin polarization at high binding energies.
A static investigation of band magnetism at finite temperatures
of ultrathin fct Co films via static heating supports a band mirroring model (22). Here, the authors find that the magnetization,
when approaching the Curie temperature, is completely quenched
without an energetic shift of the 3d bands, which disagrees with a
Stoner-like picture. Their result was explained by a quenching of the
long-range magnetic order, whereas short-range order, and therefore
an exchange split band structure, remains. The long-range noncollinear magnetic moments thus introduce band mirroring in the photoemission spectrum.
Eich et al., Sci. Adv. 2017; 3 : e1602094
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MATERIALS AND METHODS

Experimental setup
Our setup (see Fig. 1A) used a high-order harmonic generation light
source with a repetition rate of 10 kHz optimized for photoemission
6 of 8
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with now “AMin = 0” and accordingly “BMin = 1.” This initial condition
is plotted in Fig. 4C at a time delay of −100 fs. We now carry out fits of
all transient partial intensities in the valence band structure with only
the prefactors “AMaj/Min” and “BMaj/Min” as fit parameters. In this fitting
routine, where we test the dynamics for the effect of band mirroring
only, we need to exclude the effect of the redistribution of excited carriers (compare angle-resolved excited carrier dynamics in the Supplementary Materials). Hence, only the valence band structure at EB > 0.5
eV is taken into account in the fitting routine. Note that this was not
possible for the fitting routine of energetic shifts because the 3d peak
positions are too close to EF. The fitted evolution of the prefactors,
which are indicative of the band mirroring process, is shown in Fig.
4C. Upon demagnetization, the majority channel of the spin detector
measures less and less spectral weight from the initial majority
spectrum as a function of time (blue circles), whereas the amount of
majority electrons in the detector originating from the initial minority
spectrum increases by the identical rate (red open squares). The same
behavior is seen for the minority channel of the spin detector, where
the measured minority electrons of the initial minority band decrease
(red circles) at the same rate as the amount of measured minority electrons from the initial majority band increases (blue open squares).
Hence, this analysis procedure strongly supports the idea that band
mirroring is a relevant process at play for the quenching of the spin
polarization at high binding energies. From our analysis, we extract a
maximum band mirroring of

Moreover, our observation of strong band mirroring and no large
exchange reduction in combination with a very fast decay constant of
the spin polarization at high binding energies provides a new perspective to an ongoing discussion on the understanding of ultrafast demagnetization. Regarding Elliot-Yafet–type spin-flip scattering as
the microscopic model, it is known that a rigid band structure model
would not be consistent with experimental results for 3d ferromagnets
(33, 37–39). Moreover, it was even concluded that demagnetization rates
and quenching, as observed in experiments, cannot be reproduced without a collapse of the exchange splitting, independent of the particular
scattering process under investigation (33). A very recent work that
studied Co on an insulating substrate shows both a band mirroring
and a collapse of exchange splitting (21). Here, the insulating substrate
and the long demagnetization times again indicate a significant contribution of spin-flip scattering processes (t > 150 fs). Over the last years,
however, an emerging picture did arise, in which other microscopic processes, besides spin-flip scattering, are at play, depending on the specific
structure of the magnetic layers (23–26). In our case, in contrast to the
abovementioned works, the Co film is grown on the spin-conducting
substrate Cu(001). It was shown by Wieczorek et al. that, for this particular system, spin currents can be the dominant process within the first
100 fs (34, 40), whereas Elliott-Yafet scattering was predicted to be less
important (41). This agrees with our observation of very fast spin dynamics of t = 42 ± 44 fs at high binding energies, which is considerably
faster than the expected overall Elliot-Yafet–induced demagnetization
time for a Co film (42). Therefore, we conclude that the observed demagnetization process in Co/Cu(001) is driven by superdiffusive spin
currents and that these superdiffusive spin currents induce band mirroring in the electronic structure, with little effect on the exchange splitting
of the states. However, from a theoretical point of view, the impact of
spin currents on the band structure is as yet unknown, and we hope that
our findings will trigger further theoretical treatment in this field.
We moreover like to add that, despite great progress in recent years
(43), a quantitative theoretical description of correlation effects in 3d
ferromagnets appears to be still out of reach. Therefore, it is as yet completely unknown how an ultrafast rearrangement of charge carriers
might affect and renormalize the band structure of the Co 3d ferromagnet. Aspects of these dynamics might be included in our experimental findings, and we hope that our work will serve as a benchmark
experiment to test the role of many-body Coulomb interactions in these
materials in the future.
Our time- and spin-resolved photoelectron spectroscopy study with
pulsed XUV light from HHG is the first of its kind and represents a
“complete” photoemission experiment, with time, energy, momentum,
and spin resolution. Hence, it opens new avenues for our understanding
of band magnetism at finite temperatures and of the ferromagneticparamagnetic phase transition that is driven with ultrashort laser pulses,
as shown here. Accordingly, a direct observation of transient energetic
shifts and/or band mirroring allows a much deeper microscopic interpretation of the nature of the spin interactions and their dynamics in 3d
ferromagnets. In addition, our experiment exemplifies the tremendous
possibilities that will become available at future free-electron laser and
HHG photoemission beamlines for the study of complex materials.
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studies (16, 44). The photon energies of the s-polarized pulses used
were 1.6 eV (near-infrared pump) and 22 eV (XUV probe), with pulse
lengths of 74 ± 1 and 33 ± 7 fs [measured with autocorrelation and the
laser-assisted photoelectric effect (45)], respectively. The system was
equipped with a cylindrical sector analyzer with an iron-based spin detector using exchange scattering (46) to enable spin-resolved photoelectron spectroscopy. In our studies, we focused on fct Co films (≈30 ML)
grown on a Cu(001) crystal as a well-characterized sample system (31)
to distinguish the role of collapsed exchange versus band mirroring
in the ultrafast demagnetization process.

SUPPLEMENTARY MATERIALS
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section S1. Time- and angle-resolved photoemission spectroscopy.
section S2. Time- and angle-resolved photoemission spectroscopy: Difference spectra.
fig. S1. Time- and angle-resolved photoemission spectroscopy.
fig. S2. Time- and angle-resolved photoemission spectroscopy: Difference spectra.

REFERENCES AND NOTES
1. K.-P. Kämper, W. Schmitt, G. Güntherodt, Temperature and wave-vector dependence
of the spin-split band-structure of Ni(111) along the G-L line. Phys. Rev. B 42,
10696–10705 (1990).
2. E. Kisker, K. Schröder, M. Campagna, W. Gudat, Temperature dependence of the
exchange splitting of Fe by spin-resolved photoemission spectroscopy with synchrotron
radiation. Phys. Rev. Lett. 52, 2285–2288 (1984).
3. H. Hopster, R. Raue, G. Güntherodt, E. Kisker, R. Clauberg, M. Campagna, Temperature
dependence of the exchange splitting in Ni studied by spin-polarized photoemission.
Phys. Rev. Lett. 51, 829–832 (1983).
4. J. Kirschner, E. Langenbach, Temperature dependence of the exchange splitting in
Ni studied by spin-polarized electron-energy-loss spectroscopy. Solid State Commun. 66,
761–765 (1988).
5. V. Korenman, R. E. Prange, Local-band-theory analysis of spin-polarized, angle-resolved
photoemission spectroscopy. Phys. Rev. Lett. 53, 186–189 (1984).
6. S. Monastra, F. Manghi, C. A. Rozzi, C. Arcangeli, E. Wetli, H.-J. Neff, T. Greber,
J. Osterwalder, Quenching of majority-channel quasiparticle excitations in cobalt.
Phys. Rev. Lett. 88, 236402 (2002).
7. J. Osterwalder, Correlation effects and magnetism in 3d transition metals. J. Electron
Spectrosc. Relat. Phenom. 117–118, 71–88 (2001).
8. G. Geipel, W. Nolting, Ferromagnetism in the strongly correlated Hubbard model. Phys.
Rev. B 38, 2608–2621 (1988).
9. F. Manghi, V. Bellini, J. Osterwalder, T. J. Kreutz, P. Aebi, C. Arcangeli, Correlation effects
in the low-energy region of nickel photoemission spectra. Phys. Rev. B 59,
R10409–R10412 (1999).
10. W. Nolting, W. Borgiel, V. Dose, T. Fauster, Finite-temperature ferromagnetism of nickel.
Phys. Rev. B 40, 5015–5027 (1989).
11. R. Clauberg, E. M. Haines, R. Feder, Effects of short-range magnetic order on photoemission
and inverse photoemission spectra in iron. Z. Phys. B Condens. Matter 62, 31–41 (1985).
12. R. Carley, K. Döbrich, B. Frietsch, C. Gahl, M. Teichmann, O. Schwarzkopf, P. Wernet,
M. Weinelt, Femtosecond laser excitation drives ferromagnetic gadolinium out of
magnetic equilibrium. Phys. Rev. Lett. 109, 057401 (2012).
13. B. Frietsch, J. Bowlan, R. Carley, M. Teichmann, S. Wienholdt, D. Hinzke, U. Nowak, K. Carva,
P. M. Oppeneer, M. Weinelt, Disparate ultrafast dynamics of itinerant and localized
magnetic moments in gadolinium metal. Nat. Commun. 6, 8262 (2015).
14. M. Teichmann, B. Frietsch, K. Döbrich, R. Carley, M. Weinelt, Transient band structures
in the ultrafast demagnetization of ferromagnetic gadolinium and terbium. Phys. Rev. B
91, 014425 (2015).

Eich et al., Sci. Adv. 2017; 3 : e1602094

24 March 2017

7 of 8

Downloaded from http://advances.sciencemag.org/ on January 25, 2021

Sample preparation
The Cu(001) single crystal was cleaned by repetitive sputtering (1 kV
for 30 min and 0.5 kV for another 30 min) and annealing cycles (20 min,
800 K). Co (30 ML) was deposited at room temperature (RT) on the
Cu(001) substrate with electron beam epitaxy. The deposition rate was
determined by the intensity signal of the Cu d bands in the photoemission spectra. The films show, at RT, a perfect Stranski-Krastanov
(layer by layer) epitaxy on Cu(001).

15. B. Andres, M. Christ, C. Gahl, M. Wietstruk, M. Weinelt, J. Kirschner, Separating
exchange splitting from spin mixing in gadolinium by femtosecond laser excitation.
Phys. Rev. Lett. 115, 207404 (2015).
16. S. Eich, A. Stange, A. V. Carr, J. Urbancic, T. Popmintchev, M. Wiesenmayer, K. Jansen,
A. Ruffing, S. Jakobs, T. Rohwer, S. Hellmann, C. Chen, P. Matyba, L. Kipp, K. Rossnagel,
M. Bauer, M. M. Murnane, H. C. Kapteyn, S. Mathias, M. Aeschlimann, Time-and
angle-resolved photoemission spectroscopy with optimized high-harmonic pulses
using frequency-doubled Ti: Sapphire lasers. J. Electron Spectrosc. Relat. Phenom. 195,
231–236 (2014).
17. M. Plötzing, R. Adam, C. Weier, L. Plucinski, S. Eich, S. Emmerich, M. Rollinger,
M. Aeschlimann, S. Mathias, C. M. Schneider, Spin-resolved photoelectron spectroscopy
using femtosecond extreme ultraviolet light pulses from high-order harmonic
generation. Rev. Sci. Instrum. 87, 043903 (2016).
18. A. Rundquist, C. G. Durfee III, Z. Chang, C. Herne, S. Backus, M. M. Murnane, H. C. Kapteyn,
Phase-matched generation of coherent soft X-rays. Science 280, 1412–1415 (1998).
19. E. Carpene, H. Hedayat, F. Boschini, C. Dallera, Ultrafast demagnetization of metals:
Collapsed exchange versus collective excitations. Phys. Rev. B 91, 174414 (2015).
20. H.-S. Rhie, H. A. Dürr, W. Eberhardt, Femtosecond electron and spin dynamics in Ni/W(110)
films. Phys. Rev. Lett. 90, 247201 (2003).
21. E. Turgut, D. Zusin, D. Legut, K. Carva, R. Knut, J. M. Shaw, C. Chen, Z. Tao, H. T. Nembach,
T. J. Silva, S. Mathias, M. Aeschlimann, P. M. Oppeneer, H. C. Kapteyn, M. M. Murnane,
P. Grychtol, Stoner versus Heisenberg: Ultrafast exchange reduction and magnon
generation during laser-induced demagnetization. Phys. Rev. B 94, 220408 (2016).
22. C. M. Schneider, P. Schuster, M. S. Hammond, J. Kirschner, Spin-polarized photoemission
from f.c.c.-cobalt above the Curie temperature: Evidence of short-range magnetic
order. Europhys. Lett. 16, 689–694 (1991).
23. M. Battiato, K. Carva, P. M. Oppeneer, Superdiffusive spin transport as a mechanism
of ultrafast demagnetization. Phys. Rev. Lett. 105, 027203 (2010).
24. E. Turgut, C. La-o-vorakiat, J. M. Shaw, P. Grychtol, H. T. Nembach, D. Rudolf, R. Adam,
M. Aeschlimann, C. M. Schneider, T. J. Silva, M. M. Murnane, H. C. Kapteyn, S. Mathias,
Controlling the competition between optically induced ultrafast spin-flip scattering and
spin transport in magnetic multilayers. Phys. Rev. Lett. 110, 197201 (2013).
25. D. Rudolf, C. La-O-Vorakiat, M. Battiato, R. Adam, J. M. Shaw, E. Turgut, P. Maldonado,
S. Mathias, P. Grychtol, H. T. Nembach, T. J. Silva, M. Aeschlimann, H. C. Kapteyn,
M. M. Murnane, C. M. Schneider, P. M. Oppeneer, Ultrafast magnetization enhancement in
metallic multilayers driven by superdiffusive spin current. Nat. Commun. 3, 1037 (2012).
26. A. Eschenlohr, M. Battiato, P. Maldonado, N. Pontius, T. Kachel, K. Holldack, R. Mitzner,
A. Föhlisch, P. M. Oppeneer, C. Stamm, Ultrafast spin transport as key to femtosecond
demagnetization. Nat. Mater. 12, 332–336 (2013).
27. A. Weber, F. Pressacco, S. Günther, E. Mancini, P. M. Oppeneer, C. H. Back, Ultrafast
demagnetization dynamics of thin Fe/W(110) films: Comparison of time- and
spin-resolved photoemission with time-resolved magneto-optic experiments.
Phys. Rev. B. 84, 132412 (2011).
28. S. Mathias, C. La-O-Vorakiat, P. Grychtol, P. Granitzka, E. Turgut, J. M. Shaw, R. Adam,
H. T. Nembach, M. E. Siemens, S. Eich, C. M. Schneider, T. J. Silva, M. Aeschlimann,
M. M. Murnane, H. C. Kapteyn, Probing the timescale of the exchange interaction in a
ferromagnetic alloy. Proc. Natl. Acad. Sci. U.S.A. 109, 4792–4797 (2012).
29. I. Radu, C. Stamm, A. Eschenlohr, F. Radu, R. Abrudan, K. Vahaplar, T. Kachel, N. Pontius,
R. Mitzner, K. Holldack, A. Föhlisch, T. A. Ostler, J. H. Mentink, R. F. L. Evans, R. W. Chantrell,
A. Tsukamoto, A. Itoh, A. Kirilyuk, A. V. Kimel, T. Rasing, Ultrafast and distinct spin
dynamics in magnetic alloys. SPIN 5, 1550004 (2015).
30. A. Fognini, T. U. Michlmayr, G. Salvatella, C. Wetli, U. Ramsperger, T. Bähler, F. Sorgenfrei,
M. Beye, A. Eschenlohr, N. Pontius, C. Stamm, F. Hieke, M. Dell’Angela, S. de Jong,
R. Kukreja, N. Gerasimova, V. Rybnikov, A. Al-Shemmary, H. Redlin, J. Raabe, A. Föhlisch,
H. A. Dürr, W. Wurth, D. Pescia, A. Vaterlaus, Y. Acremann, Ultrafast reduction of the total
magnetization in iron. Appl. Phys. 104, 032402 (2014).
31. K. Miyamoto, K. Iori, K. Sakamoto, A. Kimura, S. Qiao, K. Shimada, H. Namatame,
M. Taniguchi, Spin-dependent electronic band structure of Co/Cu(001) with different film
thicknesses. J. Phys. Condens. Mat. 20, 225001–225006 (2008).
32. K. Miyamoto, K. Iori, K. Sakamoto, H. Narita, A. Kimura, M. Taniguchi, S. Qiao, K. Hasegawa,
K. Shimada, H. Namatame, S. Blügel, Spin polarized d surface resonance state of fcc
Co/Cu(001). New J. Phys. 10, 125032 (2008).
33. A. J. Schellekens, B. Koopmans, Comparing ultrafast demagnetization rates between
competing models for finite temperature magnetism. Phys. Rev. Lett. 110, 217204 (2013).
34. S. Mathias, C. La-o-vorakiat, J. M. Shaw, E. Turgut, P. Grychtol, R. Adam, D. Rudolf,
H. T. Nembach, T. J. Silva, M. Aeschlimann, C. M. Schneider, H. C. Kapteyn, M. M. Murnane,
Ultrafast element-specific magnetization dynamics of complex magnetic materials on
a table-top. J. Electron Spectrosc. Relat. Phenom. 189, 164–170 (2013).
35. B. Y. Mueller, T. Roth, M. Cinchetti, M. Aeschlimann, B. Rethfeld, Driving force of ultrafast
magnetization dynamics. New J. Phys. 13, 123010 (2011).
36. M. Pickel, A. B. Schmidt, F. Giesen, J. Braun, J. Minár, H. Ebert, M. Donath, M. Weinelt,
Spin-orbit hybridization points in the face-centered-cubic cobalt band structure.
Phys. Rev. Lett. 101, 066402 (2008).

SCIENCE ADVANCES | RESEARCH ARTICLE

Eich et al., Sci. Adv. 2017; 3 : e1602094

24 March 2017

Acknowledgments: We thank N. Haag and M. Laux for help with sample preparation and
characterization, as well as M. Barkowski for fruitful discussions. Funding: S.M. and D.S.
gratefully acknowledges support from the Deutsche Forschungsgemeinschaft (DFG; SFB 1073,
Project B07) and the International Center for Advanced Studies of Energy Conversion (ICASEC).
M.P., R.A., L.P., C.M.S., S.M., and M.A. acknowledge support from the DFG (no. SCHN 353/17-1
to M.P., R.A., L.P., and C.M.S. and no. AE 19/20-1 to S.M. and M.A.). C.C, H.C.K., and M.M.M.
gratefully acknowledge support from the U.S. Department of Energy Office of Basic Energy
Sciences X-Ray Scattering Program award DE-SC0002002 and a Gordon and Betty Moore
Foundation EPiQS award GBMF4538. M.A., B.S., S. Eich, M.R., and M.C. acknowledge support
from the DFG (SFB/TRR 173). S. Emmerich and B.S. thankfully acknowledge financial support
from the Graduate School of Excellence MAINZ (Excellence Initiative DFG/GSC 266). Author
contributions: The design of the study was carried out by S. Eich, M.P., R.A., M.C., M.A., C.M.S.,
and S.M. The realization of the spin-resolved high-order harmonics experiment was carried
out by S. Eich, M.P., M.R., S. Emmerich, R.A., and L.P. The optimized mode for bright HHG
with narrow-bandwidth harmonics and further technical support and conceptual advice were
given by C.C., H.C.K., and M.M.M. Data were collected by S. Eich, M.P., M.R., S. Emmerich,
and C.C. Data analysis and data interpretation were carried out by S. Eich, M.P., M.R., and
S. Emmerich, with the help of all authors. Manuscript preparation was carried out by
S. Eich, M.P., and S.M., with input from all authors. Competing interests: H.C.K. and M.M.M.
have a partial ownership in a laser company, KMLabs Inc., with financial benefits. All other
authors declare that they have no competing interests. Data and materials availability: All
data needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials. Additional data may be requested from the authors.

Submitted 1 September 2016
Accepted 9 February 2017
Published 24 March 2017
10.1126/sciadv.1602094
Citation: S. Eich, M. Plötzing, M. Rollinger, S. Emmerich, R. Adam, C. Chen, H. C. Kapteyn,
M. M. Murnane, L. Plucinski, D. Steil, B. Stadtmüller, M. Cinchetti, M. Aeschlimann,
C. M. Schneider, S. Mathias, Band structure evolution during the ultrafast ferromagneticparamagnetic phase transition in cobalt. Sci. Adv. 3, e1602094 (2017).

8 of 8

Downloaded from http://advances.sciencemag.org/ on January 25, 2021

37. K. Carva, M. Battiato, P. M. Oppeneer, Ab initio investigation of the Elliott-Yafet
electron-phonon mechanism in laser-induced ultrafast demagnetization. Phys. Rev. Lett.
107, 207201 (2011).
38. B. Y. Mueller, A. Baral, S. Vollmar, M. Cinchetti, M. Aeschlimann, H. C. Schneider,
B. Rethfeld, Feedback effect during ultrafast demagnetization dynamics in ferromagnets.
Phys. Rev. Lett. 111, 167204 (2013).
39. S. C. Essert, H. Schneider, Electron–phonon scattering dynamics in ferromagnetic
metals and their influence on ultrafast demagnetization processes. Phys. Rev. B 84, 224405
(2011).
40. J. Wieczorek, A. Eschenlohr, B. Weidtmann, M. Rösner, N. Bergeard, A. Tarasevitch,
T. O. Wehling, U. Bovensiepen, Separation of ultrafast spin currents and spin-flip
scattering in Co/Cu(001) driven by femtosecond laser excitation employing the complex
magneto-optical Kerr effect. Phys. Rev. B 92, 174410 (2015).
41. K. Carva, M. Battiato, D. Legut, P. M. Oppeneer, Ab initio theory of electron-phonon
mediated ultrafast spin relaxation of laser-excited hot electrons in transition-metal
ferromagnets. Phys. Rev. B 87, 184425 (2013).
42. B. Koopmans, G. Malinowski, F. Dalla Longa, D. Steiauf, M. Fähnle, T. Roth, M. Cinchetti,
M. Aeschlimann, Explaining the paradoxical diversity of ultrafast laser-induced
demagnetization. Nat. Mater. 9, 259–265 (2010).
43. J. Sánchez-Barriga, J. Braun, J. Minár, I. Di Marco, A. Varykhalov, O. Rader, V. Boni,
V. Bellini, F. Manghi, H. Ebert, M. I. Katsnelson, A. I. Lichtenstein, O. Eriksson, W. Eberhardt,
H. A. Dürr, J. Fink, Effects of spin-dependent quasiparticle renormalization in Fe, Co,
and Ni photoemission spectra: An experimental and theoretical study. Phys. Rev. B 85,
205109 (2012).
44. S. Mathias, S. Eich, J. Urbancic, S. Michael, A. V. Carr, S. Emmerich, A. Stange,
T. Popmintchev, T. Rohwer, M. Wiesenmayer, A. Ruffing, S. Jakobs, S. Hellmann, P. Matyba,
C. Chen, L. Kipp, M. Bauer, H. C. Kapteyn, H. C. Schneider, K. Rossnagel, M. M. Murnane,
M. Aeschlimann, Self-amplified photo-induced gap quenching in a correlated electron
material. Nat. Commun. 7, 12902 (2016).
45. L. Miaja-Avila, C. Lei, M. Aeschlimann, J. L. Gland, M. M. Murnane, H. C. Kapteyn, G. Saathoff,
Laser-assisted photoelectric effect from surfaces. Phys. Rev. Lett. 97, 113604 (2006).
46. M. Escher, N. B. Weber, M. Merkel, L. Plucinski, C. M. Schneider, FERRUM: A new
highly efficient spin detector for electron spectroscopy. e-J. Surf. Sci. Nanotechnol. 9,
340–343 (2011).

Band structure evolution during the ultrafast ferromagnetic-paramagnetic phase transition in
cobalt
Steffen Eich, Moritz Plötzing, Markus Rollinger, Sebastian Emmerich, Roman Adam, Cong Chen, Henry Cornelius Kapteyn,
Margaret M. Murnane, Lukasz Plucinski, Daniel Steil, Benjamin Stadtmüller, Mirko Cinchetti, Martin Aeschlimann, Claus M.
Schneider and Stefan Mathias

Sci Adv 3 (3), e1602094.
DOI: 10.1126/sciadv.1602094

http://advances.sciencemag.org/content/3/3/e1602094

SUPPLEMENTARY
MATERIALS

http://advances.sciencemag.org/content/suppl/2017/03/20/3.3.e1602094.DC1

REFERENCES

This article cites 46 articles, 2 of which you can access for free
http://advances.sciencemag.org/content/3/3/e1602094#BIBL

PERMISSIONS

http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service
Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 New
York Avenue NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.
Copyright © 2017, The Authors

Downloaded from http://advances.sciencemag.org/ on January 25, 2021

ARTICLE TOOLS

