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Abstract

The demagnetization dynamics of the Heusler alloy Co,MnSi was studied using picosecond
time-resolved x-ray magnetic circular dichroism. The sample was excited using femtosecond
laser pulses. In contrast to the sub-picosecond demagnetization of the metal ferromagnet Ni,
substantially slower demagnetization with a time constant of 3.5 = 0.5 ps was measured. This
could be explained by a spin-dependent band gap inhibiting the spin-flip scattering of hot
electrons in Co,MnSi, which is predicted to be half-metallic. A universal demagnetization time

constant was measured across a range of pump power levels.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Ultrafast optical control of magnetization is one of the
challenges of contemporary magnetism. Although ultrafast
laser-induced demagnetization has been shown to occur
within several hundreds of femtoseconds in ferromagnetic
metals [1-6], the demagnetization route is still a subject
of debate. Spin-flip scattering of hot electrons is
the most commonly accepted demagnetization mechanism,
occurring at a several orders of magnitude faster timescale
(~100 fs) [1, 5-8] than switching caused by the application
of an external magnetic field. =~ Upon laser excitation,
nascent electrons thermalize through electron—electron and
electron—phonon scattering [9]. The Elliot—Yafet process

0953-8984/10/156003+05$30.00

has been discussed as the mechanism facilitating ultrafast
demagnetization in ferromagnetic metals [7]. In electron
transport, this mechanism is the source of spin relaxation and
depolarization at magnetic impurities. Spin—orbit coupling
couples spin-up and spin-down electronic states that are close
in energy and angular momentum is transferred to phonons.

A prerequisite for spin-flip scattering is the availability
of empty minority states at the Fermi level. For this reason,
a reduction in or lack of available minority phase space
should therefore limit spin-flip events and slow down the
demagnetization after an ultrafast excitation. Half-metals are a
perfect system to test this hypothesis [10]. The majority states
of a half-metal have metallic character, while the minority
states exhibit a band gap. This band gap can lead to a close

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. (a) and (b) Schematic of Ni and Co,MnSi electronic DOS
for the majority and minority of spins labeled down and up
respectively [15, 16].

to 100% spin polarization of the Fermi level and makes half-
metals useful for spintronics applications. Demagnetization
times in the 100 ps range have been observed using optical
spectroscopy in several systems that are believed to be half-
metals [11-13]. In a comparative study of materials believed
to be half-metallic Miiller et al observed a general increase of
the demagnetization time with increasing spin polarization at
the Fermi level [10]. In the same study, Co,MnSi exhibited
sub-ps demagnetization comparable to that of Ni although
band structure calculations of the Heusler alloy, Co,MnSi,
predict a half-metallic minority state band gap of ~1 eV,
as shown in figure 1(b). The majority electron occupied
Co,MnSi 3d band consists of Mn electrons, while the minority
unoccupied states are largely composed of Co e, and Mn
ty, bands [14, 15]. In contrast, Ni, shown in figure 1(a)
possesses empty minority 3d states at the Fermi level [16].
The availability of low lying empty states in Ni allows laser
excited majority electrons to scatter into unoccupied minority
states through spin-flip (Stoner) excitations coupled with a
phonon, according to the Elliot—Yafet model, leading to
the observed fast demagnetization [6—8]. Tunnel magneto-
resistance measurements of Co,MnSi/Al-O/Co—Fe tunnel
junctions showed an enhanced magneto-resistance, indicating
an increased effective tunneling spin polarization compared
to conventional transition metal alloys [17, 18]. Whether
this enhanced spin polarization can lead to a slow down
of the demagnetization in the limit of a large degree of
demagnetization (close to 100%) is the topic of this paper. The
novel technique of picosecond time-resolved x-ray magnetic
circular dichroism was used to record the magnetic response of

the system after an ultrafast IR laser excitation’.

2. Methods

2.1. Sample preparation

The Ni sample was sputter deposited at room temperature (RT)
and consisted of a Si3N4 membrane, a 100 nm Al heat sink,
a 20 nm Ni thin film and a thin (2 nm) Al cap to prevent
oxidation. The half-metallic alloy sample was dc-magnetron

7 In this work, different substrates, buffer layers, layer thicknesses and a
composition optimized target were used in contrast to Miiller et al [10],
Kammerer et al [17] and Schmalhorst et al [18].
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Figure 2. Schematic diagram of the pump—probe experimental setup.
The IR beam is divided into three branches: the first beam

(~500 mW) is used to trigger the streak camera via the GaAs switch,
the second beam (~700 mW) is passed through a frequency tripling
system to produce UV fiducialization and the third is used to heat the
sample (~100-300 mW). The x-ray pulses are produced by a
synchrotron and synchronized to the laser system with delay stages 1
and 3. Delay stage 2 is used to synchronize the arrival of the UV
pulses at the camera.
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sputtered at RT onto an Si3N4 window and consisted of a §0 nm
Cu heat sink, followed by Ta and V seed layers, 20 nm of
Co,MnSi and 2 nm of Al that was oxidized for 100 s. The
thickness of the Co,MnSi was chosen to match the penetration
depth of the IR pump beam. A composition optimized sputter
target was used to guarantee that the film composition is very
close to the desired value of 2:1:1. The entire sample was then
heated to 437 °C to improve the sample texture and magnetic
properties. The annealing temperature and time were carefully
chosen to reach an optimum magnetic moment. At room
temperature the Heusler sample exhibited magnetization that is
70% of theoretical predictions for a perfect crystalline sample,
with typical values of ~5 ug/f.u. at 0 K [15]. The spin
magnetic moment is distributed among the Co and Mn sites
with a ratio of ~2-3 up/f.u. respectively [15]. In addition to
the expected reduction in moment at elevated temperature this
indicates an imperfectly ordered Heusler system. The reduced
order likely causes a reduction of the spin polarization at the
Fermi level due to additional low lying empty minority states.
Note that scattering into those states is expected to increase the
demagnetization speed and values measured here are a lower
limit for those of a perfect half-metallic system. An increase
in the demagnetization time constant compared to a simple
metal like Ni can thus be interpreted as an indicator for an
enhanced spin polarization and possibly the half-metallicity of
the Co,MnSi layer.

2.2. Experimental details

The experimental setup is shown in figure 2. A 5 kHz
Ti:sapphire laser system was used to heat the samples, trigger
the ultrafast streak camera and to create UV time calibration
markers. Both Ni and Co,MnSi were excited with 60 fs
pulses at wavelengths centered near 800 nm and powers of
up to 50 pJ/pulse. The samples were placed in a 20 mT
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magnetic field, with the field direction alternated between
acquisitions. The magnetic phase transition was probed with
70 ps (FWHM) elliptically polarized x-ray pulses generated
by a type-II apple undulator [19, 20] at beam-line 11.0.1
at the Advanced Light Source (ALS). The undulator was
tuned to the Ni and Mn L3 edges in order to probe the
element specific number of available minority and majority
empty states by the excitation of electrons from the spin—
orbit split p3/,-states [21, 22]. The Mn edge was chosen
to monitor the Co,MnSi demagnetization due to a slightly
higher magnetic moment, similar demagnetization profiles
were observed at the Co edge. Demagnetization data was
collected in transmission thus probing the bulk of the sample.
The laser was synchronized with the ALS ring frequency
by tuning the oscillator frequency and by varying the laser
path length with several delay stages, shown in dashed lines
in figure 2. The demagnetization information was obtained
by temporally dispersing the x-ray pulses in an x-ray streak
camera [23-25]. Two UV fiducials of known time separation
near the x-ray signal were used for time calibration and for
continual monitoring of the detector performance. The x-ray
probe diameter was ~100 wm, while the laser was focused to
~500 um (FWHM), in order to insure that the sampled area
was evenly heated. Ni and Co,MnSi demagnetization signals
were collected with either a gated micro-channel plate coupled
with a phosphor and a visible light CCD camera or a direct
CCD imaging system. When compared, the results obtained
from both measurement systems were in agreement.

3. Results

Streak images collected at the Mn L3 edge are shown
in figures 3(a)-(c). The top image (a) was recorded
with magnetization orientation, M;, parallel to the x-ray
polarization, o, while the streak image shown in (b) was
collected after changing the orientation of the magnetization
M to be anti-parallel to the x-ray polarization. Typically, two
averaged sets of data were collected at opposite helicity in
order to improve statistics. In the experiment, the difference
of images (a) and (b), i.e. the dichroic signal, was used
to observe changes in the magnetic state of our samples,
see figure 3(c). The loss of dichroic signal in figure 3(c)
corresponds to the presence of a magnetic phase transition.
The time necessary to complete the phase transition, i.e. the
demagnetization constant, 7, were determined by fitting the
asymmetry data that was extracted from the integrated cross
sections of the streak images. The resulting normalized Ni and
Co,MnSi asymmetry plots along with their fits are shown in
figure 3(d). It has been previously shown that Ni demagnetizes
within ~300 fs [1, 4-6, 26], which appears as an instantaneous
loss of magnetization at our experimental timescales. For
this reason, Ni asymmetry data shown in figure 3(d) was
used to determine the detector time resolution by fitting the
cross section plot with a convolution of a step function with
a Gaussian representing the detector resolution, i.e. an error
function. The Ni sample was also used to establish time
zero, ty, which in our experiment appears at the half-point
in the demagnetization curve. Care was taken to collect Ni
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Figure 3. (a) and (b) XMCD transmission streaks at the Mn L; edge
639.4 eV, with magnetization orientation anti-parallel and parallel to
the polarization of incident x-ray pulses. A difference streak is
shown in (c¢). (d) Normalized Ni and Co,MnSi asymmetry signals
and fits. Data collected at a laser power of ~250 mW.

and Heusler data in temporal proximity, in order to minimize
systematic error. Ni demagnetization curves were measured
immediately before and after the Co,MnSi measurement,
while keeping the laser and streak camera setup unchanged.
The experimental Ni demagnetization was constant within
given error bars. The Heusler mean lifetime constant was
determined by assuming that the demagnetization follows a
simple first order rate equation and fitting the Co,MnSi cross
section with a convolution of an exponential and a Gaussian
(detector resolution) function. A simple exponential decay
indicates a process that is governed by a universal time constant
and modulated by the occupation of a single reservoir, e.g.,
the number of available empty minority states. Exponential
decay functions have been frequently used as a fit function
for the demagnetization of simple ferromagnets, however more
complicated demagnetization profile have been observed in
some systems. As demonstrated by the quality of the fit in
figure 3(d), an exponential decay models the demagnetization
of Co,MnSi well. These fits produced a 200 = 2.2 + 0.1 ps for
the detector resolution and were used to determine the Heusler
demagnetization mean lifetime, t = 3.5 4= 0.5 ps. The Ni and
Co,MnSi demagnetization cross section asymmetries and fits
are shown side by side in figure 3(d) in order to demonstrate the
remarkable differences in the demagnetization rates of these
materials.

3.1. Laser aging of CooMnSi

Throughout the duration of the experiment, the Co,MnSi
sample was exposed to laser pulses with extremely high photon
densities for up to ten consecutive hours at a time and cyclically
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Figure 4. XMCD spectra collected at the Mn L3 and L, edges before
laser exposure shown in panel (a) and after exposure (b). The data in
orange (A) was collected with M orientation parallel to the x-ray
polarization and that in purple (B) taken for M, anti-parallel to the
x-ray polarization. The lower figure panels (c) and (d) show the
difference signal obtained by subtracting the I~ (A) and I (B)
spectra, respectively.

heated to temperatures close to 7. (~985 K). Although the
duty cycle was very short (~60 fs pulse duration at 5 kHz)
there remained the possibility that changes were induced in the
magnetic properties of the material. The aging properties of
Co,MnSi were explored by heating a single area of the sample
for 6 h at laser powers as high as ~260 mW and by taking
XMCD spectra at the Mn L, 3 edges before and after laser
exposure, see figure 4. The mean demagnetization lifetime was
collected throughout the heating experiment, showing little
change and remaining constant at 7 = 3.5 &+ 0.5 ps for
six consecutive hours of laser exposure. The cross section
spectra shown in the top two panels of figure 4 were collected
in transmission at room temperature (RT) and were further
used to extract the corresponding difference spectra shown
in the bottom panels of figure 4. Very little discrepancy is
seen in the collected XMCD and difference spectra, implying
that the magnetic properties of the sample were unaffected
by laser heating. It is clear from these results that the
mean lifetime and the magnetic properties of our samples
remained unchanged even after being cyclically cooled and
heated for six consecutive hours. This data set also illustrates
the timing stability of our setup and the reproducibility of the
demagnetization time in repeated measurements.

3.2. Power dependence of the Co,MnSi demagnetization time
constant

Varied incident photon densities were used to determine if
the imperfect ordering in the material and the consequent
low lying empty minority states near the Fermi level had any
effect on the demagnetization dynamics. The presence of a
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Figure 5. Left axis: per cent demagnetization with respect to
asymmetry signal before #;, plotted against the incident laser power
(squares). Right axis: mean demagnetization lifetime, 7, as a
function of laser power (circles).

small number of empty minority states may be evidenced by
a fast demagnetization process available at low laser powers
in a regime below saturation. To study such an effect, the
mean demagnetization life time, 7, of Co,MnSi was extracted
from data accumulated at laser powers of 180-260 mW,
corresponding to demagnetization in the range of 55-87%. All
measurements were collected consecutively and from the same
irradiated spot. The per cent demagnetization values, i.e. per
cent of asymmetry signal loss after laser heating at 7y, are
presented as a function of incident laser power (squares) in
figure 5. The loss of spontaneous magnetization, M, appears
to scale approximately linearly with power which verifies
that the peak temperature reached by the sample increases
monotonically with laser power. The resulting Co,MnSi mean
demagnetization lifetime constants, shown in figure 5 (circles),
remained independent of laser power, at an average of 3.5 +
0.5 ps. This result implies that even at our lowest incident
powers the demagnetization is still in a regime where it is
strongly bottlenecked.

4. Discussion

Our observation of a demagnetization time above 1 ps remark-
ably deviates from numerous time-resolved measurements of
a wide range of systems, in particular in Ni [1, 4-6, 26], as
well as in Co [3, 27] and in Gd [28]. At the used experimen-
tal laser power less than 0.1 valence electrons are excited above
Er (per formula unit), far less than the imbalance in occupation
of majority and minority states, i.e. ~5 ug/f.u. for a perfectly
ordered systems at 0 K. The observed substantial demagnetiza-
tion therefore relies on the generation of additional hot carriers
by electron—electron scattering and their subsequent scattering
into minority states. A half-metallic character and minority
state band gap of Co,MnSi at the Fermi level could inhibit
the spin-flip scattering processes, in particular in the regime of
large demagnetizations (>50%), explaining our observation.
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The consequence is a remarkably slower demagnetization of
the studied half-metallic Heusler system in comparison to the
conventional ferromagnet Ni [7, 8]. Because of the lack of
minority states a half-metal has to demagnetize via an alter-
nate process: either through a loss of long range order via the
generation of magnons and transfer of angular momentum by
the magneto-crystalline anisotropy [29] while the local atomic
magnetization stays initially intact, or by a collapse of the mi-
nority states gap followed or accompanied by the spin-flip pro-
cess that redistributes the minority and majority occupation.
Either of these alternate processes appears to occur at a dis-
tinctly slower speed.

In the limit of large laser excitations we do not observe
the fast, sub-picosecond demagnetization of Co,MnSi seen
by Miiller er al [10] using the magneto-optical Kerr effect.
However, we cannot rule out an initial, fast demagnetization
component below our temporal resolution that is followed
by a slower demagnetization leading to the almost total
demagnetization of the film. The differences in the measured
demagnetization times of the samples may be attributed to
lower excitation power densities used by Miiller er al [10],
i.e. 1 uJ/pulse versus 50 wJ/pulse used in this work, and a
lesser degree of demagnetization achieved®. While the Heusler
layers were prepared by using similar techniques in both
studies, some important differences should be noted: in this
study an optimized target was used leading to nearly perfect
stoichiometry of the films. The Heusler thickness was chosen
to match the penetration depth of the IR pump beam and the
demagnetization of the film was measured in transmission, thus
probing the entire film. The demagnetization times observed
in this work fall in between the ultrafast demagnetization
times measured in Ni and the three orders of magnitude
slower demagnetization times of established half-metallic
systems. Although Co,MnSi is likely not a perfect half-metal
characterized by a spin polarization of close to 100%, in the
limit of large demagnetization, we have shown that a residual
half-metallic character is maintained. = This intermediate
position between metals and half-metals fits well into the
scheme suggested by Miiller ez al, which connects polarization
and demagnetization times across a variety of materials.

5. Conclusions

Our results show evidence for a slow demagnetization process
in the Heusler alloy Co,MnSi as compared to a normal
itinerant ferromagnet, Ni. Unlike in ferromagnetic Ni that
typically demagnetizes on sub-picosecond timescales, the
demagnetization lifetime of Co,MnSi was measured to be
~3.5 & 0.5 ps. This observation is attributed to a minority
states band gap in the DOS of the Co,MnSi, which inhibits
the ultrafast Elliot—Yafet type mechanism that is available
to conventional ferromagnetic metals. Future work aimed
at determining the demagnetization mechanism can include,
for instance, time-dependent spin polarized photoemission
measurements to verify a change in the density of states. Sub-
picosecond measurements capable of separating the spin and
orbital moment can also help in understanding the role the
spin—orbit interaction plays on ultrafast timescales.

8 Private communication.
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