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Abstract

We study the ultrafast demagnetization of Ni/NiMn and Co/NiMn ferromag-

netic/antiferromagnetic bilayer systems after excitation by a laser pulse. We probe the

ferromagnetic order of Ni and Co using magnetic circular dichroism in time-resolved pump–probe

resonant X-ray reflectivity. Tuning the sample temperature across the antiferromagnetic ordering

temperature of the NiMn layer allows to investigate effects induced by the magnetic order of the

latter. The presence of antiferromagnetic order in NiMn speeds up the demagnetization of the

ferromagnetic layer, which is attributed to bidirectional laser-induced superdiffusive spin currents

between the ferromagnetic and the antiferromagnetic layer.
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I. INTRODUCTION

Magnetic recording and storage media will face major challenges in the near future re-

garding energy efficiency and data transfer speed due to increased demand and continuing

growth of data storage volume. Much could be gained by switching from field-induced

manipulation of magnetic order, where speed is limited by spin precession dynamics1–3, to

manipulation by ultra short light pulses4–11. To explain ultrafast magnetization dynamics

following the excitation by an ultrashort laser pulse, a number of different approaches are

being discussed. One can distinguish between local mechanisms such as scattering with

(quasi-)particles5,6,12–14 and non-local mechanisms such as transport by superdiffusive spin

currents15,16. In heterostructures, the latter may dominate the observed dynamic behavior

since they allow transfer of angular momentum between different ferromagnetic layers, which

may even lead to an entirely different dynamic behavior as compared to isolated layers17,18.

Transient superdiffusive spin currents are also expected to occur at the interface between

an antiferromagnet (AFM) and a ferromagnet (FM). Although unpolarized in the interior

of an AFM layer, superdiffusive currents excited by a laser pulse become spin-polarized in

the vicinity of the interface to an FM layer because of spin-polarized interface reflection and

transmission. In this work, we present a study on the ultrafast optical demagnetization of

an FM/AFM layered system. We show that the presence of antiferromagnetic order in an

adjacent layer accelerates the demagnetization of the FM layer, which we attribute to the

exchange of superdiffusive spin currents between the two layers.

FM/AFM layered systems are well known in device design, as the exchange interaction

between the two layers leads to an exchange bias (EB) effect, resulting in the magnetic

pinning of the FM layer19,20. NiFe/NiO as an FM/AFM system has been already studied

by time-resolved magneto-optical Kerr effect in the pioneering works of Ju et al. where an

unpinning of the interface spins within times ≤ 1 ps was reported21–23., More recently, the

torque on the FM spins in an FM/AFM bilayer after laser excitation was investigated24,

suggesting, like the works of Ju et al., that the magnetization in such a system is switchable

by a laser pulse. In extension of these previous investigations, which were mainly targeting

the evolution of EB after laser excitation and the correlated precessional motion of the FM

macrospin, we investigate here the ultrafast processes in an FM/AFM bilayer system after an

optical excitation pulse. Using Ni and Co as ferromagnets and NiMn as an antiferromagnet,

we have grown epitaxial FM/AFM bilayer samples with easily accessible Néel temperature
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TN of the AFM layer. We employ resonant X-ray magnetic circular dichroism in reflectiv-

ity to probe the magnetization with elemental resolution. Comparing the demagnetization

behavior above and below TN allows us then to investigate the influence of the magnetic

order in the NiMn layer on the demagnetization of Ni and Co following the excitation with

a femtosecond laser pulse. We observe a significantly faster demagnetization for the same

amount of demagnetization of the FM layer if the adjacent NiMn layer is antiferromagneti-

cally ordered. We discuss this in terms of the exchange of angular momentum through the

FM/AFM interface by superdiffusive spin currents.

II. EXPERIMENT

The samples are grown by molecular beam epitaxy in our home lab at the Freie Uni-

versität Berlin. All films are prepared on Cu(001) single crystals, which were cleaned by

multiple Ar+ sputtering and annealing cycles. The surface integrity is verified by LEED

and the sample’s cleanliness by Auger electron spectroscopy. The materials are thermally

evaporated by electron bombardment from a rod of 99.998% purity for Ni and Co, and from

Mn flakes with 99.98% purity in a Ta crucible. During evaporation the sample is kept at

room temperature and deposition rates of about 1 monolayer (ML) per minute are used. The

pressure is kept below 1× 10−9 mbar while evaporating, with a base pressure of ≈ 6× 10−10

mbar. Deposition is monitored by medium-energy electron diffraction to ensure layer-by-

layer growth. Composition and thickness are additionally checked and calibrated by the

signal intensity in Auger electron spectroscopy. After preparation, the samples are capped

by 20 ML Cu with purity of 99.99%, evaporated from a Ta crucible, to prevent sample oxi-

dation during transport. We prepared a 20 ML Cu /15 ML Co /20 ML Ni31Mn69/Cu(001)

and a 20 ML Cu /12 ML Ni /14 ML Ni38Mn62/Cu(001) sample. For the AFM layer we chose

NiMn, an alloy which orders antiferromagnetically around equiatomic concentrations. Fur-

thermore, EB can occur both in in-plane and out-of-plane geometries25,26 and a vanishing of

direct exchange coupling between out-of-plane-magnetized FM layers across NiMn indicates

a spin reorientation, possibly between an in-plane and an out-of-plane AFM spin structure

at temperatures about halfway between the Néel temperature and the onset of EB26. For

the present investigation we chose a stoichiometry close to Ni40Mn60, the Ni to Mn ratio for

which we have a detailed investigation of the Néel-Temperature26. Both, the thickness and

the concentration, were chosen to have TN around 360 K25–27. For the FM layer we selected

3



Ni with an out-of-plane and Co with an in-plane easy axis of magnetization.

The experiments are carried out at the femtoslicing facility at beamline UE56/1 ZPM of

the synchrotron radiation source BESSY II in Berlin. This facility provides ultra-fast soft

X-ray pulses for time-resolved experiments28. The setup allows to measure the transmitted

or reflected intensity of the circularly polarized X-ray probe pulse following the pump laser

pulse. The system measures at 6 kHz repetition rate, alternating between X-ray probe

pulses with and without a leading laser pump pulse with variable pump–probe delay time.

This measurement scheme allows for quasi-simultaneous recording of the pumped and the

unpumped signal. The X-ray and laser spot sizes are 140 µm × 40 µm and 1500 µm × 200

µm, respectively. Both are co-propagating with an angle of 1−2◦ between them to separate

them again after reflection at the sample. By switching the magnetization of the sample by

an external magnetic field, we make use of the X-ray magnetic circular dichroism (XMCD)

in reflection29 as an element-resolved probe of the magnetization. All measurements are

performed in saturation conditions under applied magnetic fields of ±300 mT for Co/NiMn

and ±400 mT for Ni/NiMn. The laser pulse has a temporal full width at half maximum

(FWHM) of 60 fs and the X-ray pulse of 100 fs, with a resolving power of E/∆E = 500.

To find the optimum measurement conditions, a range of static reflectivity scans are

performed, identifying the angle with the highest magnetic contrast for a given photon

energy while still providing enough photon intensity for the slicing measurements. Energies

around the L3 edges of Ni and Co were checked and chosen such that the anticipated data

acquisition time is minimized. For Co the optimum conditions are found at 7◦ angle of

incidence with respect to the surface and 775.6 eV photon energy, indicated in the reflectivity

and energy scans presented in Fig. 1. In a similar fashion, the optimum conditions for Ni

are identified at 6.5◦ angle of incidence and a photon energy of 845.0 eV.

The range of pump fluences investigated is chosen such that the system completely de-

magnetizes at the highest fluence and shows a considerable demagnetization at the lower

end, in order to study the influence of different excitation strengths on the system. The

cobalt system is thus investigated with incident fluences between 10 and 50 mJ/cm2, cov-

ering a demagnetization range from 20 to 100%, as shown in Fig. 2. For Ni/NiMn we

recorded data for two different incident fluences of 15 and 46 mJ/cm2, resulting in 60 and

90% relative demagnetization, respectively. From a layerwise absorption calculation the

surface-transmitted fluence is estimated to be about 15-20 % of the incident fluence, see

appendix. To investigate the effect of the magnetic order of the antiferromagnetic layer on
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FIG. 1. (a) Schematic representation of the Co/NiMn sample. The measurements are performed in

reflectivity with an 800 nm pump and 775.6 eV (≈ 1.6 nm) probe pulse. (b) Optimum measurement

conditions are found by taking spectra at different angles and comparing θ − 2θ scans at different

photon energies. The most efficient conditions with respect to a minimized data acquisition time

for Co are found at θ = 7◦, highlighted by a vertical dashed line in the figure. The optimum photon

energy for Co is identified as E = 775.6 eV, highlighted by the dashed vertical line shown in the

inset of the figure, where a spectrum recorded at 7◦ incidence is shown.
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FIG. 2. Time delay traces of the Co demagnetization in Co/NiMn. Here the XMCD at the Co L3

edge as a function of the delay at 390 K for different laser fluences is shown. With increased laser

fluence, it takes longer to reach the minimum magnetization, and also the remagnetization takes

longer. Complete demagnetization is reached with 50 mJ/cm2 incident laser fluence.

the demagnetization dynamics, two base temperatures of 80 and 390 K for Co/NiMn and

80 and 360 K for Ni/NiMn were chosen, respectively. While the FM layer keeps its mag-

netization, the NiMn layer undergoes a phase transition from AFM at low temperatures to

paramagnetic at the higher base temperature.

III. RESULTS

Fig. 2 shows delay traces of the time-dependent XMCD of the Co/NiMn sample, mea-

sured at the Co L3 edge, for 390 K sample temperature at different incident pump fluences.

The XMCD is defined as the asymmetry of the intensity of the reflected beam with respect

to the direction of the applied magnetic field. Upon excitation by the laser pulse, a de-

crease of the XMCD signal to a minimum in XMCD before 600 fs is observed in all cases.
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With increasing fluence the minimum shifts to longer times and the total change in XMCD

increases, following the expected behavior for ferromagnetic thin films after a higher heat

load8. In order to compare the dynamics in Ni/NiMn and Co/NiMn, two measurements at

different fluences that show about the same relative demagnetization are presented in Fig.

3. In the Co/NiMn sample [Fig. 3 (a)], the XMCD before time zero is virtually unchanged

upon increase of the sample temperature due to the relatively high TC of Co ∼ 1300 K at

15 ML thickness30, decreasing only from 0.42 to 0.41. This is in contrast to the Ni/NiMn

sample, where the XMCD decreases from 0.32 at 80 K to 0.18 at 360 K, shown in Fig. 3 (b)

at negative delay times.

While the static measurement does not reveal a difference between the two tempera-

tures for Co/NiMn, the dynamic XMCD shows a different time evolution. The decrease

of magnetization of the Co layer at the lower base temperature, where the NiMn layer is

antiferromagnetically ordered, is distinctly faster compared to the higher base temperature.

To evaluate this quantitatively, all delay traces recorded were fitted using the sum of two

exponentials describing a fast demagnetization and a subsequent slower initial remagneti-

zation, respectively, from which the de- and remagnetization time constants are evaluated.

The sum of the exponentials is convoluted with a Gaussian function of FWHM = 120 fs to

account for the experimental resolution. The fit function corresponds thus to

M

M0

(t) = g(t) ⊗
(
C

+
[
a(e

− t−t0
τd − 1) − b(e−

t−t0
τr − 1)

]
θ(t− t0)

)
, (1)

with the initial XMCD C, the amplitudes for de- and remagnetization a and b, the de-

and remagnetization time constants τd and τr, the Gaussian profile g(t) of the instrumental

resolution, and the Heaviside step function θ at t0. The curves are fitted with different

amplitudes for de- and remagnetization, since the complete remagnetization dynamics may

not be adequately described by a single exponential. However, for the time window 2 ps

used for the fitting, the remagnetization, which is anyways not in the focus of the present

investigation, can be well reproduced with a single exponential. As the relative timing of

pump and probe pulses shows slow drifts over the time period of this study, the curves

plotted in this work are shifted by t0 obtained from the fits, in order to have a common zero

for all graphs.

A fluence-dependent comparison of the demagnetization times and amplitudes for dif-

ferent temperatures is presented in Fig. 4. For both base temperatures and samples, the
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FIG. 3. Selected time delay traces for the demagnetization of Co and Ni in Co/NiMn and Ni/NiMn,

respectively. Red circles indicate the high and blue squares the low base temperature, as indicated

in the legends; the filled symbols show data for the Co/NiMn sample and open symbols for the

Ni/NiMn sample. Panel (a) shows delay traces of the demagnetization of Co at 30 mJ/cm2 laser

fluence at 80 and 390 K, panel (b) the demagnetization of Ni/NiMn after laser excitation with 15

mJ/cm2 laser fluence.

quench of the magnetization, depicted in Fig. 4 (a) as change of XMCD ∆XMCD in the same

absolute values as on the vertical axes in Figs. 2 and 3, increases with fluence. Except for

the highest fluence, this is true also for the demagnetization time τd. For the higher sample

temperature, demagnetization times are longer and the relative demagnetization stronger,

similar to the observations in Ref.31. In absolute values, i.e., in XMCD asymmetry ∆XMCD,

the cold Ni/NiMn sample demagnetizes more than the warm one, but when considering the
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FIG. 4. (a) Demagnetization amplitude in XMCD asymmetry after laser excitation for Co (filled

symbols) and Ni (open symbols), at 80 K and 360 K for Ni and 390 K for Co, respectively, as

denoted in the legend in panel (b). The amplitude of the demagnetization follows a linear trend at

lower fluences and is slightly higher for elevated sample temperatures for cobalt, considering the

same fluence. (b) Magnetization decay time τd versus fluence. Generally, a higher base temperature

leads to longer demagnetization times with the largest difference for Co/NiMn around 30 to 40

mJ/cm2 laser fluence.

relative amount of magnetization quenched at the lower temperature it is actually less than

at the higher temperature. When the Co/NiMn system fully demagnetizes, which is the

case for 50 mJ/cm2 at 390 K, the demagnetization is again faster.

To obtain more information on the role of the antiferromagnetic order in the NiMn layer,

we compare the magnetization decay times for Co and Ni as a function of the reduction of

the XMCD signal in Fig. 5. For Co/NiMn, the fluence range covers similar demagnetization
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FIG. 5. Demagnetization times τd vs. demagnetization amplitude for Co/NiMn (filled symbols)

and Ni/NiMn (open symbols) at 80 K (blue) and 360 K for Ni and 390 K for Co, respectively (red).

The demagnetization time, considering a similar quench of XMCD asymmetry, shows a difference

for the two temperatures measured. In Co/NiMn, for both base temperatures an XMCD of 0.42 for

80 K and 0.41 for 390 K was measured before time zero, while for Ni/NiMn an XMCD asymmetry

of 0.32 for 80 K and 0.18 for 360 K was observed at negative delay times.

at both temperatures, while for Ni/NiMn, where the static difference in magnetization is

already quite sizeable, this is not the case. We observe a difference of τd of up to 50 fs for

Co/NiMn for the two temperatures around a demagnetization corresponding to a change

of the XMCD of 0.3. The difference, albeit small, is still greater than the experimental

error and the uncertainty from fitting. The data for Ni/NiMn suggest that the difference

in demagnetization times for demagnetization amplitudes around 0.15–0.20 could be even

greater than that.
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IV. DISCUSSION

The comparison of the demagnetization time constants at different temperatures for equal

demagnetization amplitudes (Fig. 5) highlights the role of the AFM order in the NiMn layer

for the speed of demagnetization of the FM layer. The results show that the demagnetization

rate of the FM layer is higher if the AFM layer exhibits magnetic order. It makes the

inclusion of new dissipation channels introduced by the adjacent AFM layer necessary for the

description of the demagnetization dynamics. We suggest in the following that superdiffusive

spin currents15–18 are responsible for the faster demagnetization of the FM layer at the lower

temperature, i.e., in the presence of antiferromagnetic order in the NiMn layer.

Transport by superdiffusive currents plays an important role for the ultrafast demagneti-

zation as shown, for example, in Refs.16–18, where a contribution of transport to an adjacent

layer to the ultrafast demagnetization has been reported. Before we discuss superdiffusive

spin currents in the sample, we take a short look at the simulated differential absorbed laser

fluence across the Co/NiMn bilayer, presented in the Appendix, Fig. 6. The energy absorbed

in the Co layer is about the same as the one absorbed in the NiMn layer, with a difference

of only about 1–2%. Hot electrons will thus be excited both in the Co and in the NiMn

layer. Excitations in the FM Co layer give rise to a superdiffusive spin current that enters

the NiMn layer as well as the cap layer. Similarly, the excitation of the NiMn layer will lead

to superdiffusive hot electrons that will be transported through the interface into the FM

layer and the Cu substrate. We will discuss in the following how these superdiffusive spin

currents contribute to the observed difference in FM-layer demagnetization times below and

above the AFM ordering temperature.

The decisive aspect for the demagnetization of the FM layer is the dissipation of angular

momentum by the exchange of spin currents with the NiMn layer. Although spin mixing is

enhanced after pumping, the superdiffusive spin current carried by hot electrons from the

FM layer consists mainly of spin-majority species15. Below TN , we assume the magnetization

in the FM layer to be collinear with the magnetization axis of the sublattices of the ordered

AFM NiMn layer. This configuration results in an injection of the spin-polarized electrons

into empty states of the AFM of the same spin character. In the high-temperature param-

agnetic state, though, the magnetic moments in the NiMn layer are disordered, resulting in

a spin-character mismatch due to the random relative orientation of the spin moments in

the NiMn layer with respect to the FM-aligned spins in Co. Under such conditions, the spin
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penetration depth becomes strongly reduced to about one nanometer32, leading to reflection

of carriers at the interface. Conversely, spin-polarized electron penetration into magnetic

systems with collinear spin orientation is much larger33. In the AFM-ordered state with a

collinear spin structure, the superdiffusive majority-type spin current from the FM layer can

thus propagate much farther into the NiMn layer, making it a more efficient sink for angular

momentum. This leads to shorter demagnetization times for the FM layer adjacent to the

ordered AFM layer, as is observed experimentally.

In turn, the superdiffusive current of hot electrons originating in the NiMn layer will be

transported through the interface into the FM layer. Likewise, for collinear AFM spin order

in the NiMn layer, interface reflection is reduced compared to the case of a magnetically

disordered NiMn layer. Despite the absence of a macroscopic magnetization in an AFM,

a spin current representing the minority species of the FM layer will be preferentially en-

tering the FM layer, as there are more unoccupied minority-spin states available, thus also

accelerating its demagnetization.

We now argue that the change of temperature alone, without considering the ordering

transition in the NiMn layer, cannot explain our experimental observation. The effect of

temperature has not yet been discussed in detail in the model of superdiffusive transport

(see15 and34), where the FM layer is considered fully magnetic. In general, spin lifetimes and

spin-dependent velocities of the excited electrons change with temperature. This could play

a role in the Ni/NiMn sample, where the asymmetry in the spin lifetimes and spin velocities

will be reduced at 360 K, in the same way as the static XMCD. For Co, though, a change

of this asymmetry is negligible since the change of the experimentally measured XMCD is

marginal between the two temperatures.

In addition, the excited electron lifetime decreases at higher temperatures due to enhanced

scattering probabilities. Furthermore, slightly different states will be addressed at different

temperatures, depending on the slope of the band structure. This could influence the electron

velocity in either direction, but this is also considered a negligible effect here as the change

in temperature is only about 300 K. Following this line of argumentation, we do not expect

a significant change in the demagnetization time for equal demagnetization as a result of

the different base temperature in the FM.

Next we exclude local mechanisms for angular momentum dissipation as a possible ex-

planation. Local demagnetization can be caused by Elliott-Yafet electron–phonon spin-flip

scattering8 or ultrafast magnon generation14,35–37. In the work of Schellekens et al.38, lo-
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cal demagnetization due to Elliott-Yafet spin-flip scattering has been proposed as the main

driving mechanism that could be orders of magnitude stronger compared to spin transport.

However, the relative contributions of the microscopic processes strongly depend on the sys-

tem and properties under investigation14,39. While electronic-structure-based calculations of

the Elliott-Yafet electron–phonon spin-flip scattering predict that this can only give a small

contribution to the laser-induced demagnetization40,41, others suggested that a feedback

mechanism of the magnetization change and the spin-dependent chemical potential on the

band structure would lead to an additional reduction of the exchange splitting42,43. However,

such a collapse of the exchange splitting has not been found in femtosecond spin-polarized

photoemission experiments36 and also not in extreme ultraviolet transversal magneto-optical

Kerr effect (TMOKE) measurements14 on Co. In any case, using the expressions given in

Ref.40 one can calculate that an increase in temperature from 80 to 390 K leads to an in-

crease in the Elliott-Yafet spin-flip scattering by about a factor of 2.5 due to the increased

phonon population. This corresponds to a faster electron–phonon demagnetization of Co at

higher temperatures, which is, however, opposite to the here-measured trend, which shows

a slower demagnetization of Co in Co/NiMn at 390 K.

Magnetization dissipation by transversal spin excitations, i.e., ultrafast magnon generation14,36,37,

is another mechanism we exclude, based on the timescale of our observations. Analogous to

the case of ultrafast magnon generation followed by spin pumping into an adjacent layer44,45,

magnons excited in the FM layer by ultrafast carriers could couple to magnon modes in the

ordered AFM layer, a coupling that would be absent in the disordered case. This could also

lead to a faster demagnetization of the FM layer when in contact with the ordered AFM

layer. However, the timescale of the initial energy transfer process from hot electrons to hot

magnons in an FM has not been definitely established. Effects of hot magnon excitation

have been detected in laser-excited Co at already 100 fs36. The timescale to couple the hot

FM magnons to magnon modes in the AFM is neither precisely known. Magnon transport,

assuming even a quite high magnon group velocity of ∼104 m/s46, would only result in an

angular momentum transfer over 1 nm in 100 fs, which is not enough to explain the faster

demagnetization timescale seen in Fig. 5. Thus, although the angular momentum transfer

process, starting with hot magnons in the FM layer and their subsequent diffusion into the

adjacent layer, is possible, it is expected to occur on a longer timescale than transfer by

superdiffusive spin currents.

We finally note that, although our data from the Ni/NiMn sample do not allow the
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comparison of demagnetization times for the two temperatures at equal demagnetization

amplitudes, we expect the same effect as in the Co/NiMn sample. This is motivated by the

Ni data presented in Fig. 5, where one pair of data points of almost equal magnetization

quench shows a much faster rate at the lower temperature.

V. CONCLUSIONS AND OUTLOOK

In conclusion, we infer from our experimental findings superdiffusive spin transport to

play a significant role for the demagnetization of an FM/AFM system. A general temper-

ature dependence of demagnetization as well as the contribution of Elliott-Yafet processes

cannot account for the observed temperature dependence of the demagnetization. More-

over, a magnon-related contribution to the demagnetization is expected to occur on a longer

timescale. Therefore, we attribute the accelerated demagnetization at low temperatures in

Co/NiMn and Ni/NiMn to the presence of AFM order in the NiMn layer.

Superdiffusive spin currents can be exchanged more easily between the FM layer and the

adjacent AFM-ordered NiMn layer, while the disordered NiMn layer acts as a barrier for

the penetration of superdiffusive currents. The AFM-ordered NiMn layer thus represents

on the one hand a sink for majority spin current from the FM layer, while on the other

hand it injects minority spin current into the FM layer. Both accelerates the FM-layer

demagnetization and explains the experimental observations.

To accelerate the ultrafast demagnetization by AFM spin order in an adjacent layer

may become important for the ultrafast optical manipulation of magnetic order in magnetic

recording or spintronic devices. Rotating the spin axis of the AFM layer between perpen-

dicular and parallel to the FM-layer magnetization, for example by staggered spin-orbit

torques47, could be a means of tuning the demagnetization speed of an FM layer. It might

finally be interesting to see, possibly by time-resolved magnetic linear dichroism, how in a

reverse experiment the presence of FM spin order in an adjacent layer influences the optical

quench of the magnetic order in an AFM layer.
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Appendix A: Differential Absorption
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FIG. 6. Differential absorption over sample depth for the Co/NiMn sample. The optical constants

for NiMn are estimated to lie between the ones for bulk Ni and for bulk Mn. To estimate the

absorbed energy in each layer, two absorption profiles are shown, one with the optical constants of

Ni for the NiMn alloy (red) and one with the optical constants of Mn (blue). The numbers indicate

the fraction of absorbed pump-pulse fluence in each layer.

We simulate the layerwise absorption of the pump pulse in the Co/NiMn sample using the

matrix formalism described in Ref.48. The optical constants of NiMn alloy are approximated

by calculating the boundary scenarios of a pure Ni or Mn film. To estimate the absorption,

both cases are presented in Fig. 6, where the NiMn alloy absorption is calculated once

with the constants of Ni as nNi = 2.2180 + i 4.8925 and once with the ones of Mn, nMn =

2.7880 + i 3.9982, both taken from Ref.49. The vertical layer distance for NiMn has been
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measured at the present concentration as 1.88 Å/ML25, for Co we use 1.74 Å/ML50 and for

Cu 1.81 Å/ML. In both cases the absorption in the Co layer is slightly higher, but each layer

absorbs roughly the same magnitude, ≈ 7%, of the incident fluence.
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A. Föhlisch, P. M. Oppeneer, and C. Stamm, Ultrafast spin transport as key to femtosecond

demagnetization, Nat. Mater. 12, 332 (2013).

17 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, and P. M. Oppeneer, Ultrafast magnetization enhancement in metal-

lic multilayers driven by superdiffusive spin current, Nat. Commun. 3, 1037 (2012).

18 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, and S. Mathias,

Controlling the Competition between Optically Induced Ultrafast Spin-Flip Scattering and Spin

Transport in Magnetic Multilayers, Phys. Rev. Lett. 110, 197201 (2013).

19 W. H. Meiklejohn and C. P. Bean, New Magnetic Anisotropy, Phys. Rev. 102, 1413 (1956).

20 J. Nogués and I. K. Schuller, Exchange bias, J. Magn. Magn. Mater. 192, 203 (1999).

21 G. Ju, A. V. Nurmikko, R. F. C. Farrow, R. F. Marks, M. J. Carey, and B. A. Gurney, Ultrafast

optical modulation of an exchange biased ferromagnetic/antiferromagnetic bilayer, Phys. Rev.

B 58, 11857 (1998).

22 G. Ju, A. V. Nurmikko, R. F. C. Farrow, R. F. Marks, M. J. Carey, and B. A. Gurney, Ultrafast

Time Resolved Photoinduced Magnetization Rotation in a Ferromagnetic/Antiferromagnetic

Exchange Coupled System, Phys. Rev. Lett. 82, 3705 (1999).

23 G. Ju, L. Chen, A. V. Nurmikko, R. F. C. Farrow, R. F. Marks, M. J. Carey, and

17

https://doi.org/10.1038/nmat1985
https://doi.org/10.1103/PhysRevB.80.180407
https://doi.org/10.1103/PhysRevB.94.220408
https://doi.org/10.1103/PhysRevLett.105.027203
https://doi.org/10.1038/nmat3546
https://doi.org/10.1038/ncomms2029
https://doi.org/10.1103/PhysRevLett.110.197201
https://doi.org/10.1103/PhysRev.102.1413
https://doi.org/10.1016/S0304-8853(98)00266-2
https://doi.org/10.1103/PhysRevB.58.11857
https://doi.org/10.1103/PhysRevB.58.11857
https://doi.org/10.1103/PhysRevLett.82.3705


B. A. Gurney, Coherent magnetization rotation induced by optical modulation in ferromag-

netic/antiferromagnetic exchange-coupled bilayers, Phys. Rev. B 62, 1171 (2000).

24 F. Dalla Longa, J. T. Kohlhepp, W. J. M. de Jonge, and B. Koopmans, Resolving the gen-

uine laser-induced ultrafast dynamics of exchange interaction in ferromagnet/antiferromagnet

bilayers, Phys. Rev. B 81, 094435 (2010).

25 C. Tieg, W. Kuch, S. G. Wang, and J. Kirschner, Growth, structure, and magnetism of single-

crystalline NixMn100−x films and NiMnCo bilayers on Cu(001), Phys. Rev. B 74, 094420

(2006).

26 T. Hagelschuer, Y. A. Shokr, and W. Kuch, Spin-state transition in antiferromagnetic

Ni0.4Mn0.6 films in Ni/NiMn/Ni trilayers on Cu(001), Phys. Rev. B 93, 054428 (2016).

27 M. Reinhardt, J. Seifert, M. Busch, and H. Winter, Magnetic interface coupling between ultrathin

Co and NixMn100−x films on Cu(001), Phys. Rev. B 81, 134433 (2010).

28 K. Holldack, J. Bahrdt, A. Balzer, U. Bovensiepen, M. Brzhezinskaya, A. Erko, A. Eschenlohr,

R. Follath, A. Firsov, W. Frentrup, L. Le Guyader, T. Kachel, P. Kuske, R. Mitzner, R. Müller,

N. Pontius, T. Quast, I. Radu, J. S. Schmidt, C. Schüssler-Langeheine, M. Sperling, C. Stamm,
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37 R. Gort, K. Bühlmann, S. Däster, G. Salvatella, N. Hartmann, Y. Zemp, S. Holenstein,

C. Stieger, A. Fognini, T. U. Michlmayr, T. Bähler, A. Vaterlaus, and Y. Acremann, Early

Stages of Ultrafast Spin Dynamics in a 3d Ferromagnet, Phys. Rev. Lett. 121, 087206 (2018).

38 A. J. Schellekens, W. Verhoeven, T. N. Vader, and B. Koopmans, Investigating the contribution

of superdiffusive transport to ultrafast demagnetization of ferromagnetic thin films, Appl. Phys.

Lett. 102, 252408 (2013).

39 J. Wieczorek, A. Eschenlohr, B. Weidtmann, M. Rösner, N. Bergeard, A. Tarasevitch, T. O.

Wehling, and 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).

40 K. Carva, M. Battiato, and P. M. Oppeneer, Ab Initio Investigation of the Elliott-Yafet Electron-

Phonon Mechanism in Laser-Induced Ultrafast Demagnetization, Phys. Rev. Lett. 107, 207201

(2011).

41 S. Essert and H. C. Schneider, Electron-phonon scattering dynamics in ferromagnetic metals

and their influence on ultrafast demagnetization processes, Phys. Rev. B 84, 224405 (2011).

42 A. J. Schellekens and B. Koopmans, Comparing ultrafast demagnetization rates between com-

peting models for finite temperature magnetism, Phys. Rev. Lett. 110, 217204 (2013).

43 B. Y. Mueller, A. Baral, S. Vollmar, M. Cinchetti, M. Aeschlimann, H. C. Schneider, and

B. Rethfeld, Feedback Effect during Ultrafast Demagnetization Dynamics in Ferromagnets, Phys.

Rev. Lett. 111, 167204 (2013).

44 G.-M. Choi, B.-C. Min, K.-J. Lee, and D. G. Cahill, Spin current generated by thermally driven

ultrafast demagnetization, Nat. Commun. 5, 4334 (2014).

45 G.-M. Choi and D. G. Cahill, Kerr rotation in Cu, Ag, and Au driven by spin accumulation

19

https://doi.org/10.1103/PhysRevB.86.024404
https://doi.org/10.1103/PhysRevB.78.174422
https://doi.org/10.1103/PhysRevB.78.174422
https://doi.org/10.1126/sciadv.1602094
https://doi.org/10.1103/PhysRevLett.121.087206
https://doi.org/10.1063/1.4812658
https://doi.org/10.1063/1.4812658
https://doi.org/10.1103/PhysRevB.92.174410
https://doi.org/10.1103/PhysRevLett.107.207201
https://doi.org/10.1103/PhysRevLett.107.207201
https://doi.org/10.1103/PhysRevB.84.224405
https://doi.org/10.1103/PhysRevLett.110.217204
https://doi.org/10.1103/PhysRevLett.111.167204
https://doi.org/10.1103/PhysRevLett.111.167204
https://doi.org/10.1038/ncomms5334


and spin-orbit coupling, Phys. Rev. B 90, 214432 (2014).

46 X. Wu, Z. Liu, and T. Luo, Magnon and phonon dispersion, lifetime, and thermal conductivity

of iron from spin-lattice dynamics simulations, J. Appl. Phys. 123, 085109 (2018).
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