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Efficiency of ultrafast optically induced spin transfer in Heusler compounds
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Optically induced spin transfer (OISTR) is a pathway to control magnetization dynamics in complex materials

on femto- to attosecond timescales. The direct interaction of the laser field with the material creates transient

nonequilibrium states, which can exhibit an efficient spin transfer between different magnetic subsystems. How

far this spin manipulation via OISTR is a general phenomenon or restricted to a subset of materials with

specific properties is an open experimental and theoretical question. Using time-resolved magneto-optical Kerr

measurements and time-dependent density functional theory we investigate OISTR in Heusler compounds. We

show that the half-Heusler materials NiMnSb and CoMnSb exhibit strong signatures of OISTR, whereas this

is less pronounced in the full-Heusler compounds Co2MnSi, Co2FeSi, and Co2FeAl in agreement with ab

initio calculations. Our work opens up a systematic path for coherent manipulation of spin dynamics by direct

light-matter interaction.

DOI: 10.1103/PhysRevResearch.2.023199

I. INTRODUCTION

The manipulation of the magnetic state in solids by light

has created a new paradigm in condensed matter physics,

where research has been driven by the prospect of future

applications as well as the fundamental question of how fast

the magnetic state in a solid can be controlled. Here, recent

publications have verified the theoretically predicted [1–3]

ultrafast optically induced spin transfer (OISTR) effect [4–6],

where the manipulation of spin dynamics is only limited by

the pulse length of the shortest light pulses that have been
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created so far. If a solid is strongly excited with a light pulse,

optical transitions create a transient nonequilibrium electron

distribution. In complex compounds, alloys, and multilayer

structures, where the band structure consists of orbital con-

tributions from different elements, certain optical transitions

support in principle a transfer of spin momentum from one

subsystem to another, which is the essence of OISTR.

In order to elucidate whether this recently found OISTR

effect is a general phenomenon that is efficient enough to be

used to manipulate spin dynamics on the fastest timescales,

we investigate a set of Heusler materials. Heuslers are ideally

suited for the study of OISTR, because most compounds

are multisublattice ferromagnets with several independently

active magnetic sites in their atomic structure. Moreover, via

control of the elemental composition of Heusler compounds,

a wide range of physical properties such as half metallicity,

topological effects, multiferroicity, and their use in spintronics

can be realized [7–9].

In this paper, we show that this tunability enables us

to manipulate ultrafast magnetization dynamics in Heusler
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compounds via material composition, where the efficiency of

OISTR between different elemental magnetic moments can

be amplified or suppressed. We study the ultrafast magne-

tization dynamics of the half-Heusler compounds NiMnSb

and CoMnSb and of the full Heuslers Co2MnSi, Co2FeSi,

and Co2FeAl. Experimentally, we find that the half-Heusler

systems show a strong signature of OISTR, i.e., an initial

increase of the MOKE signal, whereas the full Heuslers show

a less pronounced OISTR effect. Our findings are corrobo-

rated by theoretical calculations, and we connect amplification

and suppression of OISTR to specific properties of the band

structure of the investigated Heuslers. We thus present a

systematic pathway for an efficient control of spin dynamics

on the fastest timescales that are reachable today.

II. EXPERIMENTAL DETAILS

The experimental data shown in this paper have been col-

lected by two teams with two similar setups that make use of

the time-resolved magneto-optical Kerr effect (TR-MOKE).

CoMnSb and Co2FeAl were measured in a monochromatic

TR-MOKE setup with a central wavelength of 800 nm for

both the pump and the probe beam (“MOKE setup 1”). The

laser source is a regenerative amplifier system (Coherent

RegA) with a repetition rate of 250 kHz, a pulse energy of

about 1 μJ/pulse, and 50 fs pulse duration (for details cf.

Refs. [10–12]). The NiMnSb and Co2FeSi data were recorded

in a bichromatic TR-MOKE scheme with a pump wavelength

of 800 nm and 400 nm probe wavelength. The laser source

here is a multipass amplifier (Quantronix Odin; “MOKE

setup 2”) with a repetition rate of 1 kHz, a pulse energy

of about 1 mJ/pulse, and 60 fs pulse duration (for details

cf. Refs. [13–15]). For comparison, Co2MnSi samples were

studied with both setups. Further information on the sample

systems is given in the Supplemental Material [16].

III. THEORETICAL BACKGROUND

Theoretical simulations were performed in two steps: First

the ground state of all the materials was calculated using

density functional theory (DFT). This ground state was then

simulated to be pumped with a laser and the dynamics of the

density and the magnetization density were studied using a

time-dependent extension of DFT (TD-DFT). TD-DFT maps

the difficult problem of calculating a system of interacting

electrons to a more computationally tractable system of non-

interacting electrons. This fictitious system, the Kohn-Sham

(KS) system, is defined such that it reproduces the density

evolution of the interacting system. Knowledge of this density

is sufficient in order to extract all observables of the system

[17]. To study spin dynamics, the KS equation to be propa-

gated is

i
∂φ j (r, t )

∂t
=

{

1

2

[

−i∇ +
1

c
Aext(t )

]2

+ vs(r, t ) +
1

2c
σ · Bs(r, t )

+
1

4c2
σ · [∇vs(r, t ) × −i∇]

}

φ j (r, t ), (1)

where φ j (r, t ) are two-component Pauli spinors, Aext(t ) is

the external laser field, written as a purely time-dependent

vector potential, σ are the Pauli matrices, vs(r, t ) = vext(r) +

vH(r, t ) + vxc(r, t ) is the KS effective scalar potential, and

Bs(r, t ) = Bext(r, t ) + Bxc(r, t ) is the KS effective magnetic

field. These effective potentials ensure that the dynamics

of the density and magnetization density match that of the

interacting system. The problem is defined by the external

potentials, where the external scalar potential vext(r) includes

the electron-nuclei interaction, while Bext(r, t ) is any external

magnetic field which interacts with the electronic spins via

the Zeeman interaction. The Hartree potential, vH(r, t ), is

the classical electrostatic interaction. Finally, we have the

exchange-correlation (XC) potentials, the scalar vxc(r, t ) and

the XC magnetic field Bxc(r, t ), which require approximation

[18–20]. The last term in Eq. (1) is the spin-orbit coupling

term. In what follows a fully noncollinear spin-dependent

version of this equation is employed [21,22]. All calculations

are performed using the ELK electronic structure code [23].

The Brillouin zone was sampled with a 8 × 8 × 8 mesh. The

XC energy functional was LDA, which was extended to treat

noncollinear systems using the method of Kübler [24]. For

time propagation, a time step of 2.42 as was used [22].

IV. RESULTS AND DISCUSSION

Figure 1 shows the magnetization dynamics of the half

Heuslers CoMnSb and NiMnSb [Fig. 1(a)] versus the magne-

tization dynamics of the full Heuslers [Fig. 1(b)]. Clearly, the

two half-Heusler materials show a pronounced initial increase

of the magnetization, which is a strong indication for an

OISTR process [4,5]. At later times (t > 200 fs), secondary

scattering and transport processes lead to the usual demag-

netization [25–28]. In contrast, the full Heuslers [Fig. 1(b)]

show no evidence for OISTR in our experiment, only the usual

demagnetization as found in the literature [11,13–15,29–32].

Apparently, the efficiency of OISTR depends on the elemental

composition and the magnetic moments of the different sub-

lattices in the Heusler compounds.

We now turn to TD-DFT to elucidate how the mate-

rial’s composition controls the efficiency of OISTR in the

half-Heusler versus the full-Heusler compounds. Figure 2(a)

shows the calculated total (black line) and d-projected density

of states (DOS) of Co (blue) and Mn (pink) for the half

Heusler CoMnSb. In order to support an OISTR process,

it is necessary to efficiently pump an optical transition that

predominantly transfers majority and/or minority spins from

one sublattice to another. This can easily be achieved, if the

DOS above and below EF of the two subsystems significantly

differs.

In a toy model, the ideal “OISTR material” would, for

the first elemental subsystem, exhibit a large DOS below EF

solely in the minority channel, and a large DOS above EF

solely in the majority channel. For the second element, the

situation should be vice versa, so that every spin-conserving

optical transition pumps spins from one elemental subsystem

to the other. As the magnetization is the imbalance between

minority and majority spins, such spin-transfer processes di-

rectly manipulate the magnetization in the subsystems, while

the total magnetization remains constant. The probability for
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FIG. 1. (a) Experimentally observed magnetization dynamics in

the half-Heusler compounds CoMnSb and NiMnSb and the (b) full-

Heusler compounds Co2FeAl, Co2FeSi, and Co2MnSi investigated

using the transient change in Kerr signal. Both half Heuslers show a

pronounced increase in the magnetization upon excitation within the

first ∼100 fs. This feature is not observed in the full Heuslers. Data

are normalized between 0 and 1 and shifted for better visibility. S1

and S2 denote measurements with MOKE setup 1 and MOKE setup

2, respectively. Data for Co2MnSi S2 from Ref. [15].

the spin-transfer processes additionally depends on the matrix

elements for the respective optical transitions. However, we

will see that arguments based on the DOS in the minority

and majority channels already provide a good estimate of the

appearance and efficiency of OISTR in Heusler compounds.

We start with the half Heusler CoMnSb, which shows

a pronounced signature of OISTR in the TR-MOKE data

[Fig. 1(a)]. If we compare the projected DOS of Co (blue) and

Mn (pink) in Fig. 2(a) in the energetic range of possible optical

transitions with our pump pulse (1.5 eV above and below EF)

we find that the DOS is quite similar for both elements in

the majority channel. However, the minority channel shows

significant differences: Below EF, the projected DOS of Co is

larger than the projected DOS of Mn. Above EF, we find the

opposite situation; i.e., the projected DOS of Co is extremely

low, while the projected DOS of Mn is large, and we mark the

difference in Fig. 2(a) in yellow for better visibility. Optical

transitions in the minority channel therefore predominantly

occur between the peaks in the occupied projected DOS of

Co and the peaks in the unoccupied projected DOS of Mn,

which are connected by the photon energy of 1.5 eV (red

arrow). Hence, an efficient spin transfer arises between the

two magnetic sublattices. In terms of magnetization, counting

the number of majority versus minority electrons, we pump

minority electrons from Co to Mn, which increases the

magnetization in Co and decreases the magnetization in Mn.

In order to corroborate whether the proposed OISTR pro-

cess is active in CoMnSb, we turn our focus to the TD-

DFT calculations shown in Fig. 2(b) depicting the calculated

relative change of the magnetization for the subsystems of

Co and Mn. Clearly, the magnetization in Co increases up to

a value of ∼550%, which corresponds to an increase of its

magnetic moment of about +0.25 μB/atom. Simultaneously,

the Mn magnetization decreases; however, the relative change

is much less pronounced, since the total moment on the Mn

sublattice of CoMnSb is about 3.2 μB/atom and therewith

68 times higher than the total moment in the Co sublattice

with only 0.047μB/atom.

The situation for the second half Heusler NiMnSb, which

also shows strong OISTR in the experiment [Fig. 1(a)], is

alike, with an absolute moment transfer of +0.18 μB/atom

from Mn to Ni, corresponding to a relative increase of the

Ni magnetization of about 65% (the initial Ni moment is

0.28 μB/atom). The theoretical data are shown in the Sup-

plemental Material [16].
Note that the peaklike structure at 40 fs for Co in Fig. 2(b)

cannot be resolved experimentally due to limited time res-
olution. The experiment, nevertheless, clearly captures the
averaged OISTR-induced increase within the first 100 fs.
Thereafter, the experimental signal is diminished due to the
usual demagnetization, e.g., by secondary processes such
as thermalization of hot electrons with the lattice (Elliot-
Yafet scattering) [25]. This demagnetization on much longer
timescales [Fig. 1(a)], on the other hand, is not captured
by TD-DFT, where secondary demagnetization processes are
not taken into account and the signal after about 100 fs
persists for any longer time frame simulated. Also, because
the experimental data are measured at room temperature and
the theoretical data are calculated at T = 0 K, a full quanti-
tative comparison is not currently feasible. Nevertheless, the
important observation here, i.e., the ultrafast increase caused
by OISTR, is clearly visible both in the experimental data as
well as in theory.

Next, we want to focus on the differences between the

half-Heusler and the full-Heusler materials. Figure 2(c) shows

the calculated total (black) and d-projected DOS of Fe (red)

and Co (blue) in Co2FeSi. Evidently, there is still a difference

between the projected DOS in the minority channel, marked

once again in yellow for the most relevant 1.5 eV transitions

from a large DOS in the occupied to a large DOS in the unoc-

cupied regime. However, this difference is less pronounced in

comparison to the half Heusler; see Fig. 2(a). In particular, we

find an increased number of Co states in the minority channel

above EF. In consequence, we expect OISTR to be less

efficient in the full Heusler. Indeed, this behavior is confirmed

by the TD-DFT; see Fig. 2(d), blue line. Here, the maximum

relative increase of magnetization for Co is only ∼5%, which

corresponds to an absolute moment transfer of 0.05 μB/atom

for an initial moment of about 1.15 μB/Co-atom. Having a

look at the other full Heuslers Co2FeAl and Co2MnSi, the

situation is once again similar; see Fig. 3.
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FIG. 2. (a), (c) Total and d-projected density of states (DOS) per atom for the half-Heusler CoMnSb and the full-Heusler Co2FeSi.

(b), (d) Relative change in magnetization after optical excitation for the Co and Mn sublattices in CoMnSb and Co2FeSi from TD-DFT

(T = 0 K, without consideration of temporal broadening and secondary relaxation processes, as present in the experimental data). The OISTR

effect is much more pronounced in the half Heusler (�M ∼ 550%) in comparison to the full Heusler (�M ∼ 5%). The efficiency of OISTR

can be deduced from the difference of the available d-projected DOS [marked in yellow in (a) and (c)], which is larger for the half-Heusler

compound. In particular, the full-Heusler compound shows an increased density of Co states in the minority channel above the Fermi level EF

in comparison to the half Heusler, which is the main reason for the suppression of OISTR in experiment and theory. The red arrow indicates

the dominant 1.5 eV optical transitions from high DOS in the occupied regime to a high DOS in the unoccupied regime.

We therefore conclude that because of a smaller imbalance

of the DOS between Co and Fe, respectively Mn, and the

presence of Co states above EF in the minority channel (see

the Supplemental Material [16]), OISTR is less efficient in

the full Heuslers in comparison to the half Heuslers. We

note that the absolute values of transferred magnetic moment

per atom between the half- and full-Heusler compounds are

within the same order of magnitude (0.05–0.25 μB/atom; see

Fig. 3). However, due to the small initial magnetic moment

of Co/Ni for the half-Heusler systems, the relative change of

the Co/Ni-sublattice magnetization is much more pronounced

[up to 550%; see Fig. 2(b)].

Hence, from our experimental and theoretical data, we see

that a control of the composition of the Heusler compounds

supports different efficiencies of OISTR. The main require-

ments for efficient OISTR are pronounced differences in the

projected DOS between the two subsystems in an energy

range that is driven by the optical excitation. In addition, it is

necessary that the probability for different optical transitions,

e.g., in the majority and minority channels, do not counteract

each other with respect to spin transfer from one subsystem

to another. Focusing on the former point, i.e., the DOS of

the subsystems, a comprehensive theoretical study of the

electronic structure of Co-based half and full Heuslers by

Galanakis et al. [33] reveals that the decreased and increased

minority density of Co states above the EF is intrinsic to the

formation of the gap in half and full Heuslers, respectively. In

this manner, half Heuslers can generally be expected to show

more efficient OISTR in comparison to full Heuslers.

Finally, we want to get back to the interpretation of

our experimental data and in particular emphasize that it

is not obvious why the time-resolved MOKE indeed shows
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FIG. 3. Comparison of absolute OISTR moment in the half- and

full-Heusler compounds from TD-DFT. Generally, OISTR is more

efficient for the half Heuslers in comparison to the full Heuslers.

a pronounced OISTR signature, as we have seen for the

half Heuslers [Fig. 1(a)]. MOKE in the visible wavelength

range is generally regarded not to be element specific, as

it is not trivially possible to disentangle different elemental

contributions to the measured signal. Since OISTR does not

change the total imbalance between majority and minority

electrons in the material, one would expect MOKE to be rather

insensitive to this process. If, however, the Kerr signal from

one of the subsystems is dominant in the weighted average

of the MOKE signal, which is possible and depends on the

transitions probed in the Kerr process, element specificity

becomes feasible (see, e.g., [34]). In our work, this is clearly

the case for the half Heuslers, where the experimental data

even resemble remarkably well the element-specific dynamics

of the Co subsystem [Fig. 2(b)] of our theoretical calculations

(see also theoretical confirmation of the sensitivity of MOKE

to Co in the Supplemental Material [16]). Note, however, that

even if MOKE is also more sensitive to a specific element in

case of the full Heuslers, which might be the case, an increase

would still be very hard to be observed experimentally. As

discussed above, the relative magnetization change for the full

Heuslers, which is the signal that is detected by time-resolved

MOKE, is rather small in comparison to the half-Heusler com-

pounds. In addition, secondary scattering processes induce

a strong demagnetization, so that the small relative OISTR

effect in the full Heusler can eventually not be detected with

our visible time-resolved MOKE technique.

V. CONCLUSION

In summary, we have investigated the efficiency of the

OISTR process for different compositions of Heusler com-

pounds. We find experimentally and theoretically that the half

Heuslers show a very strong signature of OISTR in contrast

to the full Heuslers, where OISTR is much less efficient or

even suppressed. We argue that for the systems studied here,

the half Heuslers are ideal OISTR materials, because of a

low DOS of Co/Ni in the minority channel above EF, which

is intrinsic to half Heuslers and different from full-Heusler

compounds [33]. TD-DFT perfectly predicts the efficiency of

OISTR, and can therefore ideally be used to guide experi-

mental investigations that aim for coherent control of spin

dynamics down to attosecond timescales.
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