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Abstract

We have studied thin ﬁlm samples of Co2FeSi and Co2MnSi with different
degrees of chemical ordering using the time-resolved magneto-optical Kerr
effect to elucidate the inﬂuence of defects in the crystal structure on magnetization dynamics. Surprisingly, we ﬁnd that the presence of defects does not
inﬂuence the optically induced magnetization dynamics on the ultrashort timescale (some 100 fs). However, we observe a second demagnetization stage with a
timescale of tens of picoseconds in Co2 MnSi for low chemical ordering; that is, a
large number of defects. We interpret this second demagnetization step as originating from scattering of mostly thermalized majority electrons into unoccupied minority defect states.
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1. Introduction

The magnetization dynamics of ferromagnetic materials after excitation with an ultrashort laser
pulse has now been a dynamic ﬁeld of basic research for more than 15 years, starting with the
experiments on nickel by Beaurepaire et al in 1996 [1]. A wealth of theoretical [2–9] and
experimental [10–19] studies on elementary ferromagnets have followed. Today, it is a well
established fact that the 3d-ferromagnets Co, Fe and Ni show characteristic demagnetization
times on the order of a few 100 fs after optical excitation, while 4f-magnets exhibit more
complicated dynamics with a two-step demagnetization and timescales up to the tens of
picosecond range [14, 20]. However, the microscopic mechanism responsible for this dynamics
is still debated (for a partial overview see, e.g., [21]).
More recently, complex material systems, like half-metallic ferromagnets [22–28] or
ferrimagnetic alloys [29–35] have become a focus of investigation. These systems are not only
interesting from a fundamental point of view, but also for technological applications in spin
electronics (spintronics) and data storage [36–38]. Half-metallic Heusler compounds, for
example, constitute ideal building blocks for all types of spintronics devices. Due to the fact that
a band gap exists in one of the spin channels at the Fermi energy (E F ), they can provide fully
spin-polarized currents, which is a main basic ingredient for spin electronics. For a detailed
overview of the manifold of properties of Heusler systems see [39].
From a more fundamental point of view, it is intriguing to ask how the band gap in one
spin channel inﬂuences ultrafast magnetization dynamics [22, 23, 25]. It is already known that
some half metals like CrO2 exhibit very slow dynamics on the order of hundreds of picoseconds
[22], while the Co-based Heusler compounds with composition Co2 YZ generally show
demagnetization dynamics with timescales comparable to the 3d-ferromagnets [22–26, 40]. One
possible interpretation of this fast dynamics is that the half-metallicity of the Heusler
compounds is destroyed by defects in the crystal structure (i.e., a lowered chemical ordering),
which leads to a non-vanishing density of states (DOS) within the spin band gap around the
Fermi energy [41–44]. The two most prominent examples of such defects are Co atoms
displaced at the Y lattice positions (CoY antisites) and intermixing of Y atoms with the Z species
at their respective lattice positions. While the former kind of disorder is quite robust against
annealing procedure [45], the latter can be overcome to a high amount by heat treatment, as
observable by x-ray diffraction (XRD) measurements (see e.g. [46]).
Another interpretation that has been given to explain the ultrafast dynamics observed in
Heusler compounds is that the band gap, typically around 0.5–1.0 eV in calculations, is too
small to prohibit ultrafast dynamics [22, 25]. Some of the present authors have studied the
inﬂuence of the band gap on the magnetization dynamics for the Heusler compounds Co2FeSi
(CFS) and Co2MnSi (CMS), both experimentally and using energy- and momentum-resolved
calculations of electron dynamics [23]. It was shown that, even for perfect half-metallicity,
ultrafast demagnetization in the sub-picosecond timescale is possible. As schematically shown
in ﬁgure 1, the dynamics in such systems is governed by hole-mediated spin-ﬂip scattering
below the Fermi energy, which is indeed possible because the photon energy of the exciting
laser is larger than the spectral width of the minority gap. Since the relevant spin-ﬂip dynamics
happen below the band gap, the different energetic position of the band gap with respect to E F
in CFS and CMS does not inﬂuence the ultrafast demagnetization.
In this article, we extend the time-resolved magneto-optical Kerr effect (TR-MOKE)
studies of the Heusler compounds CFS and CMS by considering samples with different
2
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Figure 1. Schematic density of states of the Heusler compounds CFS and CMS. The
band gap of CFS is mainly below E F , for CMS it is mainly above [47]. Transitions
induced by the optical pump pulse and spin-ﬂip scattering pathways are schematically
depicted according to [23]. Note that due to the speciﬁc band structure of CFS, no direct
optical transitions are allowed in the majority channel with a photon energy of 1.5 eV
(800 nm excitation). Reproduced with permission from [23]. Copyright (2010) by the
American Physical Society.

annealing temperatures. Depending on the chemical ordering of the samples, we observe
distinct changes in the magnetization dynamics. These only appear after the ultrafast
demagnetization; that is, on a timescale of a few ten picoseconds. We explain these changes by
spin-ﬂip scattering of mostly thermalized majority electrons into unoccupied minority defect
states. This additional spin-ﬂip channel is mainly active in CMS, which explains the differences
observed on the picosecond timescale between the demagnetization of CMS and CFS.
2. Methods

Changing the annealing temperature allows us to control the degree of chemical ordering in the
studied compounds. The sample magnetic properties, together with their chemical ordering,
have been carefully studied by a superconducting quantum interference device–vibrating
sample magnetometer (SQUID–VSM), XRD, ellipsometry and MOKE. With TR-MOKE, we
then measure the time evolution of the sample magnetization after optical excitation.
2.1. SQUID–VSM

Magnetometry measurements of the Heusler compound thin ﬁlm samples were performed using
a SQUID–VSM from quantum design with closed-cycle liquid He refrigeration (Evercool
system). With this magnetometer, we measured the temperature dependent magnetization M(T)
for all samples in the range of 5–400 K for different applied ﬁeld values in between 7 mT and
1 T. To check for the reproducibility of the results, we measured M(T) during cool down and
during the warm up and did not observe any signiﬁcant differences. Furthermore, we ﬁrst
measured M(T) in the temperature range 5–300 K for the as-deposited samples, to ensure that
measurement temperatures of up to 400 K did not produce any sample modiﬁcation. We did not
detect any change in between both data series. The larger temperature range of up to 400 K is,
3
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however, preferable for our data analysis because the extrapolation to TC , which is substantially
higher, is far more precise. We also measured magnetic hysteresis loops at different
temperatures to properly estimate the diamagnetic background signal of the substrate and
compensate our M(T) data accordingly.
2.2. Static optical and magneto-optical characterization

We performed spectroscopic ellipsometry measurements of the studied Heusler compounds in
the wavelength range of λ = 170–970 nm, using a GES5E VASE spectroscopic ellipsometer
with automatic goniometer and XYZ-sample stage from Sopra. Speciﬁcally, we measured all of
the samples at three different angles of incidence, namely 70°, 73° and 76° from normal
incidence, to check for the consistency of the measurements and subsequent data analysis.
Furthermore, we monitored the magnetization reversal of the Heusler thin ﬁlms with quasistatic MOKE. The MOKE magnetometer is equipped with a rotation stage, which allows the
observation of the reversal curves as a function of the in plane angle between the crystal axes of
the sample with respect to the applied magnetic ﬁeld. The properties and the shape of the
reversal curves allow us to make qualitative conclusions on the magnetic anisotropy present in
the sample. Particularly, the coercive ﬁeld as a function of the in-plane angle identiﬁes the
magnetic easy and hard axes, and also gives an indication on the magnitude of the crystalline
anisotropy. The instrument is set up in the longitudinal MOKE conﬁguration to access the in
plane magnetization component. However, Heusler materials are known to show reasonably
large quadratic MOKE (QMOKE), which makes it necessary to apply a symmetrization
algorithm to extract the linear longitudinal MOKE signal from the measured signal.
Additionally, the magnitude of the QMOKE present in the sample set was determined using
a quadrupole magnet and perpendicular beam incidence. A detailed description of the working
principle of the dual beam MOKE magnetometer, as well as the applied measurement
procedures, can be found in [48].
2.3. TR-MOKE

The experiments on magnetization dynamics were carried out using a TR-MOKE pump-probesetup. The laser system employed is a 800 nm, 1 kHz fs-ampliﬁer system with a laser pulse
duration of ≈60 fs at the sample position. More details on the setup can be found in [5, 11, 14].
The pump ﬂuence for all measurements was approximately 15 mJ cm −2. All of the data were
recorded in the longitudinal Kerr geometry using a dichroic pump-probe setup. The samples
have been saturated by using a magnetic ﬁeld of approximately 10 mT. The Kerr rotation is
detected using a balanced-bridge detector and a lock-in ampliﬁer. An active beam stabilization
and a double sample holder were used to ensure a consistent pump-probe overlap on the sample.
In addition, the observed demagnetization at a few ps after time zero has been maximized each
time after exchanging a sample to ﬁne-tune the pump-probe overlap. The pump spot is over one
order of magnitude larger than the probe spot, so that the material response is probed in a
homogeneously excited area. All data are corrected for signal drift after the measurements. The
signal drift correction is used to correct for a linear drift of the recorded signal. The algorithm is
rather straightforward and relies on the way that data are recorded. Basically, one full recorded
data loop consists of a list of n delay line steps from nmin to nmax and a single recording run
moves the delay line from nmin to nmax and back to nmin . As nmin is in a time delay range before
time zero (t = 0), the signal at nmin (tmin ) and nmin (tmax ), corresponding to M (t < 0), has to be
4
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Table 1. Identiﬁer labels, post-deposition annealing temperatures Tann , magnetic

moments μB and Curie temperatures TC of the Heusler compound samples. Parameters
of the short-time demagnetization as extracted from ﬁgures 4(c)–(d) are also given: τM is
the demagnetization time constant; q is the magnetization quenching and bs is the linear
coefﬁcient of the second demagnetization stage, present only in the CM300 and the
CMamb samples.
Identiﬁer

CF500
CF300
CF amb
CM500
CM300
CMamb

Tann (°C)
500
300
—
500
300
—

mexp ( μB/f.u.)
5.4
5.7
3.8
3.1
3.8
2.2

±
±
±
±
±
±

0.1
0.1
0.1
0.1
0.1
0.1

TC (K)

τM (fs)

q (%)

bs (ps)

975 ± 16
1030 ± 28
908 ± 24
970 ± 9
808 ± 16
610 ± 4

276 ± 8
250 ± 10
251 ± 5
345 ± 4
353 ± 7
340 ± 3

54
54
55
63
61
65

—
—
—
—
78.1 ± 7.9
34.7 ± 0.9

equal. The difference, if any, between the signals for t < 0 is then used to calculate a drift
vector, which is used to correct the signal drift using the (real) time stamp recorded with each
data point (which is important, as the time distance between two delay line steps depends on the
step width). Data is only drift corrected in this way (and evaluated) if the total average signal on
the photodiode does not change in any signiﬁcant way during the measurement, as any loss of
total signal points to either sample damage or a misalignment of the lasers system. Data not
fulﬁlling this criterion is discarded.

3. Sample characterization

The CFS and CMS thin ﬁlm samples studied here were grown in the following stacking
structure [49]: Ta(3 nm)/Heusler(30 nm)/Ag(40 nm)/Cr(20 nm) on MgO (epitaxial ordering
Heusler(001)[110]/Ag(001)[100]/Cr(001)[110]/MgO(001)[100]). All of the samples were
deposited at room temperature in the same deposition run using magnetron-sputtering and
subsequently annealed at 500 °C, 300 °C or left as-deposited (further called Cx500 , Cx300 , and
Cxamb, x either F or M for CFS and CMS, see table 1).
3.1. Structural characterization by XRD

The crystal structure of the samples was investigated using XRD. The XRD data for the CMS
sample series is shown in ﬁgures 2(a)–(c). The three investigated samples show the B2 crystal
structure. The degree of ordering increases with increasing annealing temperature. This is
visible in the increase of the B2 (002) superstructure peak in the XRD spectrum in ﬁgure 2(a).
The samples annealed at 500 °C additionally show the presence of the L21 phase (i.e., the
highest ordering), as visible in the pole scan of the (111) lattice reﬂex in ﬁgure 2(b). Epitaxial
growth is also veriﬁed by the pole scans of the (111), as well as (220) lattice reﬂexes
(ﬁgure 2(c)), which are present for all cubic structure types. The results for CFS are shown in
ﬁgures 2(d)–(f). They are are similar to the ones obtained for CMS. In particular, we only obtain
L21 -ordering for the highest annealing temperature. Since the origin of the transformation from
B2 to L21 structure in CFS (CMS) is an increase of the chemical ordering via suppression of Fe
5
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Figure 2. (a) θ − 2θ XRD scan for the CMS annealing series samples, showing an

increase in the B2-ordering with increasing annealing temperature. (b) Pole scan at the
position of the CMS L21 superstructure peak, showing that L21-ordering is only present
for the highest annealing temperature. (c) Pole scan of the CMS (220)-sample reﬂex
showing epitaxial growth and the cubic sample structure. (d) θ − 2θ XRD scan for the
CFS annealing series samples, showing an increase in the B2-ordering with increasing
annealing temperature. (e) Pole scan at the position of the CFS L21 superstructure peak,
showing that L21-ordering is only present for the highest annealing temperature. (f) Pole
scan of the CFS (220)-sample reﬂex showing epitaxial growth and the cubic sample
structure. All of the data have been offset on the y-axis for clarity with decreasing
annealing temperature from top to bottom.

(Mn)-Si intermixing [50], we can state that the defect density decreases with increasing the
annealing temperature.
3.2. Magnetic characterization by SQUID–VSM

The magnetic properties of the samples were additionally investigated using SQUID–VSM
measurements to determine both the magnetic moment in Bohr magnetons per formula unit
[ μB/f.u.] and the Curie temperature TC . The Curie temperature was extrapolated from lowtemperature M(T) measurements in the range 5–400 K by using the interpolation formula
described in [51]. Please note that although the actual temperature regime of the respective
Curie temperatures is not reached during these measurements (as it would irreversibly change
6
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Figure 3. (a) Effective refractive index n and absorption coefﬁcient k6 from ellipsometry

measurements of the CMS annealing series samples. In both refractive index and
absorption coefﬁcient data, a spectral feature at 325 nm is missing for the CM500 sample,
which we associate with the plasma resonance of the Ag buffer layer, for further detail
see the text. (b) Easy axis coercive ﬁelds of the CFS and CMS annealing series samples.
Error bars are half of the magnetic ﬁeld step width. (c) QMOKE amplitude ML MT for
CFS and CMS samples. The CMS signal is multiplied by a factor of 20 for visibility.
Error bars correspond to the noise level at the detector.

the sample properties), the used evaluation routine allows to estimate T C within an error of only
a few percent. The values are given in table 1. For CFS, the annealed samples have magnetic
moments deviating 10% or less from the theoretical Slater-Pauling value of 6.0 μB/f.u. and
Curie temperatures comparable to those measured for high quality bulk samples, which is
1100 K [52, 53]. Like the XRD data, these results indicate an increased sample quality for the
annealed samples.
For CMS the magnetic moments show a more intriguing behavior. The moment value for
the highest annealing temperature (3.1 ± 0.1 μB/f.u.) shows a relatively strong deviation from
the expected theoretical value of 5.0 μB/f.u. which we attribute to a partial alloying of the Ag
buffer layer with CMS at the Ag/CMS interface. Evidence for such alloying processes at high
annealing temperatures can be found in the literature [54]. In addition, our own ellipsometry
measurements, shown in ﬁgure 3(a), reveal a strong smearing out of the Ag plasma resonance at
3.8 eV photon energy for the CM500 -sample in comparison to the other two samples. (The full
set of results from the ellipsometry measurements can be found in the appendix). This strongly
indicates alloying according to [55]. The alloying at the interface leads to a lower magnetic ﬁlm
thickness than expected or even partial antiferromagnetic coupling in the Ag/Heusler interface
region of the ﬁlm, as known for Mn [56]. Such effects lead, in turn, to a systematically
underestimated magnetic moment from the SQUID–VSM measurements5. At the same time TC
increases throughout the whole series and reaches about the bulk value of 985 K measured for a
high-quality CMS single crystal [57] for the CM500 -sample. Considering the depth-dependent
5

To estimate the volume-averaged saturation magnetization, the total magnetic volume has to be known. If part of
the assumed magnetic volume is non-magnetic, then the obtained volume-averaged saturation magnetization will
be lower than the real one.
7
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generation of the MOKE signal, discussed in detail in [58], most of the signal in our static and
TR-MOKE measurements should originate from the upper 15 nm of the Heusler compound
layer at our chosen probe wavelength of 400 nm. Therefore, it is unlikely that the possibly
alloyed interface region will contribute substantially to the measured MOKE signals. In
addition, this interface might not even be ferromagnetic anymore.
3.3. Magnetic characterization by quasi-static MOKE

The magnetization reversal curves of the ﬁlms using quasi-static MOKE show that the
coercivity of all ﬁlms decreases with increasing annealing temperature (see ﬁgure 3(b)),
reaching very low values of less than 7 Oe in the easy axis direction for the ﬁlms with the
highest annealing temperatures. Such a trend with annealing temperature was connected to a
decrease of the magneto-crystalline anisotropy and an increase in L21 -order for another Heusler
ﬁlm system [59]. In the present systems, similar considerations of a decreasing anisotropy
constant in correlation with the increased ordering of the ﬁlms can be applied. We further
observe that the QMOKE signal of the ﬁlms strongly increases with annealing temperature (see
ﬁgure 3(c)), which is also linked to the appearance of the L21 phase. In fact, according to
[59, 60], with higher disorder the optical transitions responsible for the QMOKE are broadened
and no effect can be observed, while for higher crystal order the well deﬁned symmetry and
spin–orbit coupling can lead to a large QMOKE signal.
3.4. Static characterization summary

Our sample characterization data show that the chemical ordering of all our samples increases
with increasing annealing temperature. In particular, increasing the annealing temperature
progressively reduces Fe (Mn)-Si intermixing in CFS (CMS), leading to a higher degree of
L21 order. The only deviation from this behavior was found for the measured magnetic
moment of CM500 , which we explained by a partial alloying of Ag and CMS at the Ag/CMSinterface, leading to a systematically underestimated magnetic moment. We thus conclude
that, for all of the samples, the defect densities decrease with increasing annealing
temperature. We can now study the inﬂuence of the chemical ordering on ultrafast
magnetization dynamics.
4. Dynamical characterization

Figures 4(a)–(b) show the results of the TR-MOKE measurements for the CFS and CMS
annealing series. In order to capture the complete magnetization dynamics (ultrafast
demagnetization and recovery back to equilibrium), we have recorded the transient MOKE
6

For simplicity, we have transformed our experimental spectroscopic ellipsometry results into an effective optical
constant (n,k) based upon the assumption of a single bulk-like optically isotropic material. Given the thickness of
the individual layers, this simple analysis does not provide extremely accurate optical constants for the Heusler
compounds (even though all three measurements using different angles of incidence give consistent n and k values
with about 1% precision for all samples), but it does allow for the observation of the plasma resonance coming
from the Ag template layer and its modiﬁcation due to high temperature annealing and it is, therefore, an excellent
probe for the onset of interface diffusion in the CMS/Ag interface, as can be clearly seen in ﬁgure 3(a).
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Figure 4. Long-term demagnetization dynamics for: (a) the CFS and (b) the CMS

annealing series. Short-term magnetization dynamics of the CFS (c) and of the CMS (d)
thin ﬁlm samples. The lines are linear ﬁts to the second decay, for details see text; (e)
data from (d) with subtracted second stage. Measurements were performed with
identical excitation ﬂuences in all cases. Error bars are statistical errors.

signal for delay times up to 100 ps. A quick inspection of ﬁgures 4(a)–(b) reveals a strong
inﬂuence of the annealing temperature for the dynamics measured for the CMS annealing
series, but not for the CFS annealing series. The three CFS curves (ﬁgure 4(a)) show a virtually
identical behavior (within the experimental error), characterized by a simple exponential decay
followed by a magnetization recovery that takes place in two stages: a fast component up to
approximately 25 ps followed by a slow component.
In the CMS data (ﬁgure 4(b)), magnetization recovery still consists of two stages, with
the faster stage visible up to 25 ps. The shape of the recovery is, however, strongly inﬂuenced
by the annealing temperature. The three CMS samples also show differences on shorter

9
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timescales. In order to discuss this behavior, we have measured the demagnetization
dynamics with a better signal-to-noise ratio for delays up to 5 ps. The results are shown in
ﬁgures 4(c)–(d).
The CFS annealing series (ﬁgure 4(c)) also shows virtually identical dynamics on a
short-term time scale. In contrast, the CMS annealing series (ﬁgure 4(d)) shows a similar
initial demagnetization on a timescale of a few hundred femtoseconds for all three samples,
followed by differences in the dynamics on the picosecond timescale. More speciﬁcally, the
CM300 (red circles) and the CMamb (blue triangles) sample show a second, slower
demagnetization stage. This stage is more pronounced for the as-deposited sample. The
CM500 sample (black squares) does not exhibit this second stage. Its magnetization stays at a
constant level for at least 5 ps after the initial demagnetization and is fairly similar in shape to
data published in [23].
To better compare the initial demagnetization stage, we subtracted the second
demagnetization stage by using the slope of the linear ﬁts depicted in ﬁgure 4(d)7. The result
is depicted in ﬁgure 4(e). The demagnetization curves for all three graphs now look virtually
identical, indicating that the two demagnetization stages occurring up to 5 ps after optical
excitation occur nearly independently.
The short term demagnetization was then analyzed by least squares ﬁtting an
exponential decay of the general form q × exp ( − t /τM ), which was additionally convolved
with a gaussian to account for the ﬁnite laser pulse duration. Here, q is the strength of
demagnetization (or magnetization quenching) and τM is the time constant of demagnetization. The extracted parameters are given in table 1. Similar demagnetization time constants
are reported for CMS samples annealed at 300, 400 and 450 °C by Liu et al but for much
smaller quenchings of a few percent [24]. However, the authors did not quantitatively
evaluate or discuss this behavior.
We can extract a further parameter for the CMS annealing series: the time constants of the
linear ﬁt of the second demagnetization stage bs. In particular, the coefﬁcient bs was determined
as the slope of the linear ﬁt of the decay of the magnetization after the initial ultrafast dynamics
decay has stopped; that is, starting at 1600 fs. We ﬁnd 34.7 ± 0.9 ps for the as-deposited sample
and about 78.1 ± 7.9 ps for the CM300 sample, see also table 1. For the well annealed sample,
the linear coefﬁcient is zero within the error bars. (Please note that compared to the short-range
measurement reported in ﬁgure 4, the the long-term measurement for the CM500 sample in
ﬁgure 4 shows a slight recovery in the ﬁrst 5 ps, with a linear coefﬁcient of 1.05 × 10−5. This
slight difference between the long-range and short-range measurement is due to the fact that the
long-range measurement has been performed for a slightly weaker laser excitation, as is evident
from the smaller magnetization quenching in this curve.)
5. Discussion

We now interpret the results displayed in ﬁgure 4. First of all, the initial demagnetization step
for all studied samples is similar, regardless of the degree of chemical ordering. Therefore, we
The linear ﬁt to the data is performed in the time delay range starting at about 1600 fs because the inﬂuence of
the initial delay step is then negligible. The signal correction has the form: corrected_signal = original_signal −
slopeLinFit × Delay . The subtraction is applied in the range from time zero to 5 ps.
7
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Figure 5. Schematic density of states of the Heusler compounds (a) CFS and (b) CMS

considering an additional density of states induced by defects, and population of the
states after optical excitation and thermalization of electrons. The unoccupied DOS is
light shaded, occupied DOS dark shaded. Black arrows designate either allowed or
forbidden (crossed out) spin-ﬂip electron dynamics.

conclude that the ordering does not have much inﬂuence on the main demagnetization
channel. This is surprising since it was assumed that structural disorder leading to defect
states enhances the phase-space for spin-ﬂip scattering and speeds up magnetization
dynamics [22].
We can, however, understand this behavior considering the explanation given in [23].
Figure 1 reproduces the main result of this publication. Ultrafast demagnetization in the
studied Heusler compounds happens because of optical excitation in the minority DOS.
Subsequently, majority electrons scatter into the empty minority states below E F and lead to
ultrafast demagnetization. Spin-ﬂip dynamics of excited majority electrons above the Fermi
level are of minor importance because they are forbidden because of the minority band gap in
CMS and do not take place in CFS, since the excitation energy of 1.55 eV is too low for
optical excitation in the majority channel. Therefore, to interpret the data shown here we have
to consider two main points: ﬁrst, optical excitation occurs mostly (CMS) or exclusively
(CFS) in the minority channel [47]; and secondly, spin-ﬂip dynamics of majority electrons in
empty minority states below E F is the reason for ultrafast demagnetization. Within this
picture, an additional low density of states of defects sites, leading to a smearing out of the
gap (see ﬁgure 5), will not considerably inﬂuence the ultrashort demagnetization dynamics.
The highly effective hole-mediated spin-ﬂip dynamics below E F is thus the dominating
channel on short timescales, even in the samples with lower chemical ordering (high defect
concentrations).
Having understood the ultrafast dynamics, we will now analyze the behavior of CFS and
CMS on the time scale up to 5 ps (ﬁgures 4(c)–(d)). As we are now basically discussing
picosecond dynamics, we ﬁrst have to understand which electronic states will contribute to the
magnetization dynamics on this time-scale. In particular, we want to address here the origin of
the second demagnetization stage observed in the CMS samples with low chemical ordering;
that is, large number of defects. First of all, we recall that in [23] it has been shown that the
minority bands just above the band gap depopulate very slowly, on the picosecond time scale.

11

New J. Phys. 16 (2014) 063068

D Steil et al

This means that during the second demagnetization stage, the minority bands above the band
gap will still be signiﬁcantly populated, as schematically depicted in ﬁgure 5. This means that in
CFS the spin-ﬂip of mostly thermalized majority electrons into unoccupied minority bands is
not efﬁcient because the minority bands are still transiently substantially populated. This
scattering process is completely suppressed in CMS since just above EF there are no minority
states due to the presence of the band gap.
Let us now consider the inﬂuence of defect states located in the band gap of CFS and
CMS, which are mainly due to the B2 disorder present in the non-annealed, as well as in the
samples annealed at low temperature (see section 3.1). Defect states in the minority band gap
of CFS will be mostly populated in the considered time scale. They will thus not contribute to
the magnetization dynamics in the picosecond range, which is in agreement with our
experimental observations. In CMS, on the other hand, spin-ﬂip scattering of mostly
thermalized majority electrons into unoccupied minority defect states will be a still active
demagnetization channel (see ﬁgure 5), this can explain the observed second slope in the
demagnetization curves. The stronger second stage in the as-deposited sample compared to
the sample annealed at 300 °C (see ﬁgure 4(d)) originates from the lower chemical ordering,
that is, a higher amount of defect sites (equivalent to a larger scattering phase space) allowing
for a higher number of spin-ﬂips of majority electrons in a given time interval. Furthermore,
the additional free phase space from these defects explains why the total demagnetization of
both CM300 and CMamb is higher than in CM500 . In CFS, these defects are occupied prior to
optical excitation; thus, they do not represent additional phase space for scattering because the
number of minority hole states is only given by the constant number of absorbed photons. In
conclusion, we can ascribe the second demagnetization stage to spin-ﬂip processes taking
place from mostly thermalized majority electrons into empty minority defect states within the
half-metallic gap above E F , as schematically depicted in ﬁgure 5. Since the second stage is
absent in the CM500 -sample, this may be seen as an indirect proof of half-metallicity in
structurally well-ordered CMS [63].
Lastly, we discuss a recently proposed second mechanism for ultrafast demagnetization,
superdiffusive transport [7, 9, 17–19], and its inﬂuence on the dynamics observed in the Heusler
samples used here. Superdiffusive transport basically explains ultrafast demagnetization
through the different lifetimes or mean free paths and high velocities of highly excited majority
and minority carriers, which leads to a net transport of the longer-living majority electrons
[61, 62] away from the probed sample region [7, 9]. This mechanism is not believed to be of
importance here for two reasons. First of all, there are no highly excited electrons in the
majority DOS of CFS and CMS for our photon energy of 1.55 eV, due to the peculiarities of the
band structure [23, 47]. This means that both the high velocity of carriers and the secondary
electrons from electron–electron scattering, which contribute to this process, are absent.
Secondly, due to the presence of a band gap in the minority channel, the minority electrons that
are laser-excited to just above the gap will have longer lifetimes than any excited majority
carriers [64]. Therefore, we would actually expect an increase in magnetization from minority
carriers leaving the probed sample area. On the other hand, the low group velocity of the
carriers in these bands could prevent the occurrence of such an effect. Overall, we thus conclude
that spin transport is not of relevance in the samples studied here.
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6. Conclusion

We studied the inﬂuence of defects on the magnetization dynamics of the carefully
characterized Heusler compounds CFS and CMS by comparing the samples with different
degrees of chemical ordering. We ﬁnd no inﬂuence of defect states on the ultrafast
demagnetization, which shows that hole-mediated spin-ﬂip scattering is the dominant
mechanism on this timescale. Furthermore, we explained the different magnetization dynamics
of CFS and CMS on the picosecond timescale by the different energetic position of the minority
band gap. In CMS, structural disorder leads to unoccupied density of states within the gap. Inscattering of excited majority electrons into these additional states leads to the second
demagnetization stage that was observed experimentally for CMS samples with low chemical
ordering. We argue that the absence of this stage in the well-ordered CMS sample may be seen
as an indirect proof of the half-metallicity of this sample.
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Appendix. Full ellipsometry data

Spectroscopic ellipsometry measurements of the studied Heusler compounds were performed in
the wavelength range of λ = 170–970 nm, using a GES5E VASE spectroscopic ellipsometer
with automatic goniometer and XYZ-sample stage from Sopra. All of the samples were
measured at three different angles of incidence, namely 70°, 73° and 76° from normal incidence,
to check for the consistency of the measurements and subsequent data analysis. For simplicity,
the experimental spectroscopic ellipsometry results were then transformed into an effective
optical constant (n,k), assuming a single bulk-like optically isotropic material. Given the
thickness of the individual layers, this simple analysis does not provide extremely accurate
optical constants for the Heusler compounds (even though all three measurements using
different angles of incidence give consistent n and k values with about 1% precision for all
samples), but it does allow for the observation of spectral features such as the plasma resonance
coming from the Ag template layer and its modiﬁcation due to high temperature annealing in
the CM500 -sample (right part of ﬁgure A1) and it is, therefore, an excellent probe for the onset
of interface diffusion at the CMS/Ag interface, whereas no such effect is found for the CFS
annealing series samples (left part of ﬁgure A1).
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Figure A1. Effective refractive index n and absorption coefﬁcient k from ellipsometry
measurements of the CFS and CMS annealing series samples. For details on the
measurement evaluation, see text.
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