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We use a multiscale approach linking ab initio calculations for the parametrization of an atomistic spin model
with spin dynamics simulations based on the stochastic Landau-Lifshitz-Gilbert equation to investigate the
thermal magnetic properties of the ferrimagnetic rare-earth transition-metal intermetallic DyCos. Our theoretical
findings are compared to elemental resolved measurements on DyCoy thin films using the x-ray magnetic circular
dichroism technique. With our model, we are able to accurately compute the complex temperature dependence
of the magnetization. The simulations yield a Curie temperature of 7c = 1030 K and a compensation point
of Teomp = 164 K, which is in a good agreement with our experimental result of T.,m, = 120 K. The spin
reorientation transition is a consequence of competing elemental magnetocrystalline anisotropies in connection
with different degrees of thermal demagnetization in the Dy and Co sublattices. Experimentally, we find this spin
reorientation in a region from Tgsr; » = 320 to 360 K, whereas in our simulations the Co anisotropy appears to
be underestimated, shifting the spin reorientation to higher temperatures.
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I. INTRODUCTION

Intermetallics of the RCos type, where R stands for a rare
earth (RE), represent a highly intriguing class of magnetic
materials with a variety of extraordinary properties. Due to
the strong exchange coupling of the Co spins, these materials
exhibit a high Curie temperature, far above room temperature.
Furthermore, these compounds are known to exhibit large
magnetocrystalline anisotropy energies up to several meV /f.u.
[1]. Thus, compounds of the light REs, such as Y, Ce, Pr,
and Sm, with ferromagnetic coupling to the Co sublattice and
an easy c axis, are ideal for permanent magnet applications
since they combine the aforementioned properties with a
high magnetic energy density and high coercivity [1-4].
On the other hand, when fabricated with the heavy REs
between Gd and Tm, there is an antiferromagnetic coupling
to the Co sublattice, yielding ferrimagnetism [1]. For Tb, Dy,
and Er, there exists a compensation temperature where the
magnetizations of the Co and RE sublattices fully cancel each
other [5-7]. Such a compensation point is seen as a prerequisite
for thermally induced magnetization switching, where the
magnetization is toggled by a fs-laser pulse on a sub-ps time
scale [8—11], making these compounds promising research
objects in the field of ultrafast magnetism. Additionally, there
is a spin reorientation transition (SRT) in the RCos compounds
for Pr, Nd, Tb, Dy, and Ho, where the magnetization rotates
from either an easy-basal plane (EBP) or easy cone (EC) to
an easy c axis (EA) [12,13].
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In this work, we implement a multiscale model to inves-
tigate DyCos as a representative of this material class, as
it combines most of the fascinating properties mentioned
above. Moreover, DyCos; has been proposed to serve as
pinning layer for semivolatile ferrimagnetic spin valves [14]
and as a storage medium for magnetic-heat-assisted memory
devices [15]. Although some theoretical work based on first-
principles calculations has already been done on the RCos
intermetallics [16—19], we present a model combining fully
relativistic ab initio calculations with atomistic spin model
simulations based on the stochastic Landau-Lifshitz-Gilbert
(LLG) equation of motion. Such a model can give insights
into material properties beyond the ground state and at
finite temperatures—a crucial requirement, considering the
complex temperature dependence of the magnetic phases of
these compounds [5,12,13]. This is especially important when
studying magnetization compensation and SRT because both
effects are caused by the different temperature dependence of
the elemental magnetizations and anisotropies in the RE and
Co sublattices.

Furthermore, we compare our theoretical findings to
element-specific x-ray magnetic circular dichroism (XMCD)
measurements. This technique is capable of measuring the
orbital and spin magnetic moments of both specimens individ-
ually. In addition, we are able to measure the element-resolved
hysteresis of the material, which allows us to identify the
magnetization compensation point, the SRT temperature, as
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FIG. 1. (a) CaCus-type structure (P6/mmm) of ferrimagnetic
DyCos, with EBP (left) and EA (right) magnetization, correspond-
ing to the low- and high-temperature configurations, respectively.
(b) Measurements geometry and sample composition. The ¢ axis of
the structure lies in the sample plane, which is the [1100] plane; thus
EBP (EA) magnetization is out of sample plane (in sample plane).

well as the element-specific anisotropy of the constituent
elements.

II. MULTISCALE MODEL
A. Ab initio calculations

DyCos; has a hexagonal structure (space group
P6/mmm) and three sublattices with the Wyckoff posi-
tions: Dy (1a [0,0,0]), Co(I) (3g[1/2,1/2,1/2]), and Co(II)
(2c[1/3,2/3,0]); see Fig. 1. In our calculations, we used the
experimental lattice constants of a = 4.929 Aandc =3.986 A
(c/a = 0.809) [20]. The self-consistent field (SCF) calcula-
tions were performed in terms of the Korringa-Kohn-Rostoker
(KKR) method within the atomic sphere approximation (ASA)
[21,22] and the local spin-density approximation (LSDA) with
Perdew-Wang parametrization [23]. The ratio of the Wigner-
Seitz radii of the Dy and Co atoms was chosen to be 1.25 and
3065 k points were sampled in the irreducible wedge of the
Brillouin zone (IBZ). The nine 4 f electrons of Dy were treated
within the frozen-core approximation: seven f electrons with
down spin and two f electrons with up spin, resulting in 5 pp
spin moment and 5 ug orbital moment according to Hunds-rule
coupling. The valence band was then modeled by using spd
orbitals.

We performed SCF calculations for two different magnetic
structures of DyCos, for the ferrimagnetic (FI) state, as
depicted in Fig. 1, and the ferromagnetic (FM) state. In
the FI state, we obtained the following valence-band spin
moments: upy = —0.50 up, Heom = —1.58 g, and peoan =
—1.50 pg. Including the magnetic moment of 10 pg of the
f electrons of Dy, in total this gives a magnetic moment of
1.76 up for a formula unit. As expected, the FI state was lower
in energy than the FM state, namely by 1.76 mRyd/atom.
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Next we calculated the isotropic exchange interactions in
the spirit of the magnetic force theorem [24]. Although we
calculated the interactions within a distance of 2a of the atomic
pairs, the nearest neighbor (NN) interactions turned out to play
the dominating role. The Dy-Dy interactions are negligible,
while the NN Co-Co interactions are strongly ferromagnetic
with a value of about 1.1 mRyd. In particular, the Dy and the
Co(II) moments are coupled antiferromagnetically with a NN
interaction of —0.23 mRyd. Thus, the calculated Heisenberg
interactions support the FI state as the magnetic ground state.
Note that the Co moments are much stronger coupled to each
other than to the Dy moments.

Furthermore, we used the coherent potential approximation
(CPA) [21,22] to take into account a perturbed stoichiometry
of Dy,_,Cos, with x = 0.02, following previous studies of
RCos intermetallics [25]. This perturbation neither affects
the exchange interaction nor the induced magnetic moments
significantly. The Co ions on the RE sites have a magnetic
moment of pcere) = —1.97 pp and couple ferromagnetically
to the surrounding Co ions with a NN interaction of 0.53 mRyd.

The spin Hamiltonian for the normalized magnetic mo-
ments S; = u;/u; reads

H= —Z-Iijsi -8 — Zdﬁ,i cos® ¥
ij i
- ng’i sin® 9; cos(6¢;) — B - sti, (1)

where J;; are the ab initio Heisenberg exchange constants,
taking into account up to 11 shells per sublattice. d; ; is the

uniaxial anisotropy constant, dg, ; 1s the basal-plane anisotropy
constant, and B is an external magnetic field. The basal-plane
anisotropy was included in order to break the symmetry of
the system in case the magnetization vector lies in the basal
plane. For simplicity, the anisotropy energies were expressed
in terms of the polar coordinates ¥; and ¢; of spin S;.

Due to the large 4 f orbital moment, the magnetocrystalline
anisotropy (MA) of Dy is known to be very high. Since the
previously used scalar-relativistic frozen-core approximation
cannot be used to calculate the MA energy, for this purpose
we employed a relativistic LDA+U method employed within
the KKR formalism [26,27]. Here we treated the 4 f states
of Dy within the LDA+U scheme by using the parameters
U =7and J = 0.7 eV and calculated the MA energy in terms
of the magnetic force theorem as a difference of the band
energies corresponding to different orientations of the spin-
quantization axis. The values of d5, = —1.4 mRyd (EBP

anisotropy) and dg’ py = 0.17mRyd were determined from our
calculations. These values are in good agreement with previous
experimental findings [25] and crystal-field calculations within
the point-charge model [28,29], implying a direction for the
ground-state magnetization as depicted in the upper left panel
of Fig. 1. The calculated uniaxial anisotropy constants for the
Co sublattices, d; c,q) = 0.0083 and d; ;) = 0.064 mRyd,
have the correct signs, i.e., EA anisotropy and, on average,
are almost an order of magnitude larger than the uniaxial
anisotropy of hcp Co (0.004 mRyd [30]). Nevertheless, their
magnitude is strongly underestimated and insufficient to reach
a reorientation transition below the Curie temperature. Thus
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we needed to adjust these values to d; ., = 0.1 mRyd per ion
for each Co sublattice, which is compatible with calculations
on other RCos compounds [16]. This discrepancy might be
related to the strong dependence of the spin reorientation
transition on the exact stoichiometry [31] and lattice constants
[16]. As depicted in Fig. 1, the sample grows with its ¢ axis in
the sample plane; thus the EBP direction is out of plane and
the EA direction is in plane. Finally, from our calculations, we
obtained the orbital moment of the Co sublattices, which is
0.15 pp per atom.

B. Atomistic spin model

We use an atomistic spin model to compute the magnetic
properties at elevated temperatures (see, e.g., Ref. [32]). This is
done by numerical integration of the stochastic LLG equation,

S -
o (1+adu

where y; is the gyromagnetic ratio and «; is the Gilbert
damping parameter, which couples the spin system to the
electron and phonon heat baths. Since the focus of this paper is
on the equilibrium properties, especially the spin reorientation
transition, we can seto; ~ 1 in order to speed up the relaxation.
The effective field H; = —9H/9S; + ¢;(¢) has a deterministic
contribution from the spin Hamiltonian H, as well as a
temperature-dependent Langevin noise field ¢;, which satisfies
Gaussian white noise properties with

(¢i(r)) =0 and (Ci(O)C}(t» = 20;kgT p;i6;j6(1)/vi- (3)

For the atomistic simulations, we used the perturbed
stoichiometry of Dy, ¢3Cos0, by randomly replacing 2% of
the Dy spins on the lattice by Co spins, in the following called
Co(RE). At T = 0, the Dy anisotropy per f.u. exceeds the one
for the Co sublattices, and thus the ground state of the alloy is in
the EBP direction. However, in such rare-earth transition-metal
(RE-TM) alloys, the RE-RE exchange is much weaker than the
TM-TM exchange. Therefore, with increasing temperature,
the RE sublattice loses its magnetic order faster than those of
the TM. This results not only in the magnetization compen-
sation, but it also reduces the ratio of RE and TM anisotropy
energies such that above a certain temperature, it is favorable
for the system to align with the spins in the EA direction, i.e.,
along the Co easy axis, resulting in a SRT.

Since the anisotropy energies of the Dy and Co sublattices
are approximately compensated close to the spin reorientation
region, the energy difference between the in-plane and out-of-
plane orientation is relatively small. Therefore the associated
time scale of the rotation is slow and long simulation times are
required, as well as large system sizes to reduce fluctuations
of the magnetic vectors of the sublattices. We calculated the
equilibrium magnetization on a lattice with 110 592 unit
cells by initializing out of plane at 7 = 0 and increasing the
temperature stepwise with a default simulation time equivalent
to 50 ps, 100 ps close to the Curie temperature, and 200 ps
close to spin reorientation transition. For each temperature
step, the first half of the simulation time was used to equilibrate
the magnetization and the latter half was used for the actual
time average of the magnetization. In order to make sure
that the system was properly equilibrated, we simulated

Si x (H; +o;S; x Hy), )
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every second data point close to the transition region with
a stepwise decreasing temperature, starting with an in-plane
magnetization. Although we treated the Co(I), Co(Il), and
Co(RE) sublattices separately for the calculations, the results
below are shown for the weighted average of all Co spins, as
they show very similar temperature dependences.

III. EXPERIMENTAL TECHNIQUES

DyCos thin films (thickness 250 A) have been grown by
magnetron sputtering in an ultraclean Argon atmosphere of
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FIG. 2. (a) X-ray absorption spectroscopy data of DyCos mea-
sured at Co and Dy edges for opposite magnetic fields (top red and
blue curves) at room temperature. The resulting XMCD signal for Co
and Dy is shown at the bottom. (b) Spin and orbital magnetic moments
of Dy and Co vs temperature as deduced upon applying the magneto-
optical sum rules [33-37]. The lowest frames show the orbital/spin
moments ratios for both elements. The dashed lines are guides to the
eye. (c) Stoichiometry-weighted (spin+orbital) magnetic moment of
Dy and Co vs temperature; the curve’s inflection point determines the
magnetization compensation temperature region. For comparison, the
coercive field is shown, with its divergence at the compensation point

Tcomp .
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1.5 x 10~ mbar with a base pressure of <5 x 10~ mbar
at a deposition temperature of 300 K. The stoichiometry
of the ferrimagnetic alloy was controlled by varying the
deposition rate of the separate elemental targets (Co and
Dy) during the cosputtering process. SizNs membranes were
used as substrates and thin Ta films were used as capping
(30 A) and buffer (50 A) layers; see Fig. 1. Occurrence of
both compensation at a temperature Teomp and the magnetic
anisotropy reorientation within a temperature range Tsr; <
Tsro is noticeable only in a reduced stoichiometry interval
close to the stoichiometric DyCos phase.

In order to measure the magnetic anisotropy changes and
the variation of the elemental magnetic moments across the
magnetization compensation and spin reorientation regions,
we have employed the XMCD technique in the soft x-ray
spectral range. The XMCD experiments were performed in
transmission geometry at the Dy Ms 4 and Co L3, absorption
edges and covered the temperature range between 10 and
475 K. The XMCD spectra were recorded by detecting the
transmitted signal for two opposite saturating magnetic fields
or by flipping the helicity of the incoming circular x rays; in
the latter case, the sample was kept magnetically saturated
in a constant applied magnetic field. The element-specific
hysteresis loops were recorded by setting the photon energy at
the desired absorption edge (Dy M5 or Co L3) and measuring
the transmitted intensity, while sweeping the magnetic field
oriented perpendicular to the sample plane. The XMCD
experiments at low temperatures and high magnetic fields were
performed at the UE46-PGM1 beam line of HZB-BESSY II
synchrotron, while the high-temperature experiments (7 >
200 K) were done using the ALICE diffractometer [38]
installed at the PM3 [39] beam line of the same light source.

X-ray absorption spectroscopy (XAS) and its counterpart,
the magnetic dichroism effect (XMCD), are routinely used
to probe the ground-state L (orbital) and S (spin) magnetic
moments using the well-established magneto-optical sum rules
[33-37], thus being an ideal tool to study alloys with special
magnetic structures. The sum rules relate the integrated XAS
intensities measured at the resonant edges of the Co and
Dy to the ground-state expectation value of spin and orbital
magnetic moments (including the magnetic dipole operator)
of the valence electrons [36,37].

The sum-rules equations for the Co and Dy orbital and
spin moments were deduced from the general Egs. (6) and
(7) in Ref. [36], respectively. For Co (2p — 3d transition),
the values of ¢y, =1 and [3; = 2 were used for the orbital
momentum quantum number of the core and the valence
shell, as well as the value of n3; = 7.51 for the 3d electron
occupation number [33,40]. For Dy (3d — 4f transition),
the values of ¢33 =2, I4y =3 and the electron occupation
number of the 4 f shells n4r = 9 were used in the sum-rules
calculations [41,42]. The magnetic dipole operator T, is a
measure of the field anisotropy for systems distorted by
spin-orbit interaction or crystal-field effects [36]. For systems
where the spin-orbit coupling is not large enough to prevent
the edge (L3, edges for 3d metals) overlap/intermixing, the
T, value is small and can be neglected. For 4 f elements (M5 4
edges), the strong spin-orbit coupling makes 7, rather large. Its
value for Dy, evaluated analytically to be —0.128 ug [36,42],
was used in these calculations.
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FIG. 3. (a) Temperature dependence of coercive field and out-of-
plane remanent magnetization (upper panel inset) measured at Co
L; and Dy Ms edges. (b) Representative hysteresis loops (Dy M5
edge) measured along the out-of-plane direction below and above the
compensation temperature as well as above the spin reorientation
temperature. (c) Schematic display of the Dy and Co magnetic
moments’ alignment as a function of temperature; incoming x-ray
beam and the external applied magnetic field are depicted on the
right-hand side.

IV. RESULTS AND DISCUSSION

Figure 2(a) presents selected results for XAS spectra of Co
and Dy measured for opposite magnetic field orientations at
the Co L3, and Dy Ms 4 resonant edges, respectively. The
shape and the sign of the XMCD signals at the Dy M5 4 edges
are consistent with data published on pure Dy samples [34]
or previous data reported on RE-TM intermetallic compounds
[43—45]. Moreover, the opposite XMCD polarity measured
for Dy and Co demonstrates the ferrimagnetic character of the
sample.

The obtained values of the spin and orbital magnetic
moments as well as their ratio are plotted in Fig. 2(b). For Co,
we obtained a spin magnetic moment of about 1.62 pg/atom
at the lowest temperature that within the investigated tem-
perature range, is decreasing only slightly upon increasing
the temperature. The same behavior is seen for its orbital
counterpart with a value of about 0.13 pg /atom. Such a slightly
increased orbital moment is typical for magnets of the RCos
type [46,47] and agrees well with our ab initio value of 0.15 pp.
The combined spin and orbital magnetic moment measured at
the lowest temperature amounts to 1.75 pg/atom. For Dy,
we have measured experimentally a spin moment of about
4.47 ug/atom and an orbital moment of 4.97 ug/atom by
extrapolating the temperature dependence shown in Fig. 2(b)
to 0 Kelvin. The combined spin and orbital magnetic moment
of Dy measured experimentally as mentioned above amounts
t0 9.5 ug /atom. Note that these values of the magnetic moment
agree closely with recent experimental measurements of Dy
and Co moments of DyCo,; and DyCo, compounds [44,45].
As compared to the temperature dependence of Co moments,
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FIG. 4. Sublattice-resolved magnetization as a function of tem-
perature from atomistic simulations. The solid vertical line shows the
magnetization compensation point Teomp = 164 K. The SRT region
is indicated by the dashed lines, with starting point Tgg; = 432K
and end point Tsr, = 460K, clearly visible by the steep slope of
the magnetization in this temperature range. A Curie temperature of
1030 K is found in the simulations, in reasonable agreement with
previous experiments [5,25].

the spin and orbital moments of Dy exhibit a much stronger
dependence on temperature, which fits well with the theoretical
simulations (see Fig. 4).

In the low-temperature range below compensation, Dy is
the dominant magnetic sublattice that aligns parallel to the
external magnetic field, as can be seen from the schema
in Fig. 3(b) and the stoichiometry-weighted (spin-+orbital)
magnetic moments of Dy and Co in Fig. 3(c). Upon increasing
the temperature, the different degrees of demagnetization
of the Dy and Co sublattices lead to a full compensation
of the magnetization. The experimental fingerprint of the
magnetization compensation temperature is the divergence of
the coercive field (due to zero net magnetization), which can
be clearly seen at Teomp = 120 K for both elements in Fig. 3(a).
This is further corroborated by the inflection region of the Dy
and Co magnetization, as shown in Fig. 2(c). As expected,
in the magnetization compensation region, the elemental
magnetic moments are of equal magnitude and lead to a zero
net magnetization due to their antiferromagnetic coupling.
This value is in rather good agreement with the simulation
data in Fig. 4, where the compensation point is at 164 K. The
discrepancy between measured and simulated compensation
point can be further reduced by increasing the Co(RE)/Dy
ratio, resulting in a shift of Tiomp of approximately —20 K
per percentage point of Co(RE) substitution. The position
of the compensation point moreover depends on the faster
demagnetization of the Dy sublattice, which is associated with
the weaker Dy exchange field. From the vicinity of measured
and computed compensation point, we can thus conclude that
the antiferromagnetic Dy-Co exchange couplings from our ab
initio calculations have the correct strength, since the weak
RE-RE couplings in the RCos structure barely contribute to
the overall RE exchange field.

PHYSICAL REVIEW B 96, 024412 (2017)
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FIG. 5. (a) Simulation results for direction of the easy axis of
DyCos with respect to the ¢ axis. With increasing temperature, the
magnetization rotates from the EBP direction (90°) to the EA direction
(0°/180°). (b) Within the reorientation region Tsg; < T < Tsgra, i.€.,
for the EC magnetization, the Dy and Co spins are no longer aligned
perfectly antiparallel, but show a finite canting of up to 5°. Co
orientation has been mirrored for better comparison.

Figure 5 shows the orientation of the equilibrium mag-
netization, defined as the angle between the magnetization
vector and the ¢ axis, for the Dy and Co spins, as a function
of temperature from our atomistic simulations. The spin
reorientation is found to start at a temperature of Tsg; = 432K,
when the magnetization rotates from the out-of-plane or EBP
to the EC direction. At Tsgy = 460K, the rotation is complete
and the magnetization is now fully in plane, i.e., along the EA
direction. This matches qualitatively with the experimental
findings, but at different temperatures, which is linked to the
underestimation of the Co anisotropy in our model. In Fig. 3,
we show the temperature dependence of the coercive field and
the normalized remanent magnetization that was measured
for the DyCos sample. Below Tgr; = 320K, the hysteresis
shows a square-loop shape with a high remanent magnetiza-
tion characteristic of systems with high magnetocrystalline
anisotropy. By further increasing the temperature, we can
see that beyond 7Tsgro, = 360K, a hard axis hysteresis with
no remanent magnetization was measured. This clearly shows
a rotation of the magnetic anisotropy from out of plane to in
plane, or from EBP to EA, respectively.

From our multiscale model, we can also see that in the
EC phase in between Tgsg; and Tsgro, the RE and the TM
sublattices no longer align perfectly colinear, but have a finite
canting which can reach up to 5°, shown in the lower panel
of Fig. 5. Although this value is too small to be resolved
experimentally, such a canting corresponds to an excita-
tion of the antiferromagnetic exchange coupling of several
hundred peV/f.u. Indirect experimental evidence of such a
noncollinear alignment can be found in the related RE-TM
intermetallic HoCo3Ni,, where only a partial magnetization
compensation was found, occurring in the EC phase between
Tsri and Tsgro [48].

The reorientation can also be observed in the absolute
value of the magnetization, as displayed in Fig. 4. Below
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Tsg1 and above Tgrp, we find a basically constant slope
of the Dy magnetization up to almost 7. However, at the
spin reorientation, the slope of the Dy magnetization is
discontinuous, increasing by more than a factor of 3. This jump
in the Dy demagnetization rate can be explained by the large
anisotropy energy of the Dy spins that contributes significantly
to their overall effective field. Thus the anisotropy field is not
only responsible for the orientation of the magnetization with
respect to the lattice, but also for the microscopic magnetic
ordering. When the Dy spins are then forced into their hard
axis, the effective field is reduced by the anisotropy field and
the absolute value of its sublattice magnetization decreases.
For the Co sublattice, on the other hand, the anisotropy energy
per ion is two orders of magnitude smaller than the Heisenberg
exchange, thus too small to have an effect on the microscopic
magnetic ordering. These findings are consistent with previous
neutron-diffraction [25] and magnetometry measurements
[5,49] on bulk DyCos. The effect is not observed in our
XMCD measurements in Fig. 2 due to the application of
a saturating field in the out-of-plane direction, keeping the
magnetic moments of Dy aligned along their easy axis even
at temperatures above Tsgro. It should also be noted that the
almost constant Co magnetization in Fig. 2 deviates from the
simulation results in Fig. 4 due to the semiclassical nature of
our model that does not follow Bloch’s 7%/ law [50]. As shown
by Watson et al. [51], at low temperature, the classical model
shows a linear demagnetization ~0.36 x T /T instead, and
hence the magnetic ordering of the Co spins and the remanent
magnetization above Tiomp is slightly reduced in our simula-
tions. Nevertheless, the temperature dependence of the total
magnetic moments in Fig. 4 shows excellent agreement with
earlier magnetometry measurements performed by Tsushima
and Ohokoshi [5]. Finally, from our simulations, we obtain
a Curie temperature of about 1030 K, which is close to the
reported values between 925 and 970 K [5,13]. This suggests
that the calculated ferromagnetic Co-Co exchange interactions
have the correct magnitude.

Before concluding the paper, we would like to shortly
discuss the potential of ferrimagnetic DyCos for future
time-resolved magnetization dynamics studies. As described
here, DyCos exhibits both a magnetization compensation
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temperature around 120 K and a SRT between 320 K and
360 K. Thus, by simply using an ultrashort laser-induced
heating of the sample and choosing the proper steady-state
sample temperature, one could photo drive and investigate
three different dynamic spin phenomena on the very same
sample: magnetization switching across the compensation
temperature [8], laser-induced demagnetization [52], and the
laser-induced spin reorientation transition [53]. Moreover,
given the large differences in magnetic moments of Dy and
Co and the large orbital magnetic moment on Dy, one could
investigate how these quantities would affect the ultrafast
element-specific dynamics (see, e.g., Ref. [54]) and the average
magnetization response when the system goes through the
magnetic phase transitions mentioned above.

In conclusion, we have shown that our multiscale model of
ab initio calculations and atomistic spin dynamics simulations
is capable to describe the complex magnetic properties of the
RCos intermetallics, beyond the molecular-field theory. We
have shown that the SRT in this material class is caused
by the different temperature dependence of the competing
magnetocrystalline anisotropies of the RE and Co spins and
can thus be understood as a statistical effect within a semiclas-
sical framework. The calculated magnetization compensation
point as well as the SRT are in good agreement with our
element-specific measurements.
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