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Crystallographically amorphous ferrimagnetic alloys: Comparing a localized atomistic
spin model with experiments
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We present a computational model of crystallographically amorphous ferrimagnetic alloys using a stochastic
Landau-Lifshitz-Gilbert equation of motion for atomistic spins and an atomistic spin Hamiltonian with Heisenberg
exchange. The spontaneous equilibrium magnetization is calculated and a comparison with a mean field model
is made. The simulations show excellent agreement with experiments on GdFeCo using x-ray magnetic circular
dichroism to determine the individual sublattice magnetizations. The calculated temperature dependence of the
magnetization shows a polarization of the Gd sublattice leading to a common Curie temperature, in agreement
with the experimental data. The intersublattice exchange is shown to be an important energy transfer channel for

ultrafast dynamics.
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I. INTRODUCTION

Over the past few decades the demand for fast, reliable,
and cheap large-scale data storage has increased drastically.
Current trends are displaying a shift toward portable devices,
which require both low power and excellent performance.
As such, research into these technologies is of great impor-
tance. Magnetic storage technologies, such as tape and hard
disk drives, currently provide the vast majority of digital
storage due to superior price and capacity as compared
with competing technologies, such as flash. A great deal
of research has been dedicated to heat-assisted magnetic
recording! (HAMR), which still faces significant challenges.
To improve magnetic storage devices in the future a greater
understanding of the intrinsic mechanisms by which magne-
tization processes occur is required. An important component
of the research stimulated by these requirements is a study of
the fundamental limits of the switching speed of magnetic
materials. The fastest precessional reversal demonstrated
experimentally using an external magnetic field>* is ~100 ps,
with similar reversal times achieved using a spin-polarized
current.*¢
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PACS number(s): 75.50.Gg, 75.78.Jp, 75.10.Hk

Recent experimental work in the field of magneto-optics has
demonstrated that carefully shaped laser pulses can be used to
manipulate the magnetization dynamics on the subpicosecond
time scale’'? in many materials, including cobalt, iron, nickel,
and GdFeCo. However, controllable magnetization switching
has only been observed in GdFeCo, and this has stimulated
a great deal of effort to attempt on many levels to explain
the process.'* Recently, Vahaplar et al.'’> demonstrated that
the switching involves a unique “linear” reversal mechanism
proposed by Kazantseva et al.'* in which the magnetization
is reduced to zero followed by a remagnetization into the
direction of the optically induced effective magnetic field.
This is an especially fast mechanism since it is governed by
the longitudinal relaxation time, which can be two orders of
magnitude faster than the transverse relaxation time governing
normal precessional switching.

It is well known that transition-metal (TM) rare-earth (RE)
ferrimagnets used in magneto-optical recording may contain
a magnetization compensation point (Ty;),">'® which can be
well explained in terms of a two-sublattice model.'>!” The
static properties can be well described using different models,
such as a fixed lattice mixed spin Ising model,'® Green’s
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function studies,'® and also using a mean-field approach.'>!”
During the 1980’s a lot of work was carried out on amorphous
RE-TM alloys for magneto-optical recording,”® hailed as a
storage revolution. The excitement for these materials has
recovered in the past few years with the observation of ultrafast
magnetization switching using femtosecond laser pulses.'”
The atomistic model is currently the only model that can
describe ultrafast magnetic processes associated with these
types of ferrimagnets, however, to the best of our knowledge,
the atomistic model has not yet been applied to such disordered
ferrimagnets.

In this paper we present an atomistic classical Heisenberg
model for a crystallographically amorphous ferrimagnetic
alloy. The modeling is based on the Langevin dynamics
simulations of the Landau-Lifshitz-Gilbert (LLG) equations
for localized atomistic spins. This method of modeling gives us
atomic resolution combined with short time-scale dynamical
insights into the processes occurring.

In order to construct and validate the model, we compare
the results for the static properties of a GdFe-ferrimagnetic
alloy of varying composition with x-ray magnetic circular
dichroism (XMCD) measurements. In this paper we first
present experiments on GdFeCo which demonstrate the po-
larization of the Gd sublattice, leading to a common Curie
temperature for the RE and TM spins, agreeing well with
the model calculations presented in later sections. It is shown
that the Langevin dynamic form of the LLG equation can
predict Ty and its effect on the coercivity, which diverges
at Ty.2?? It is found that T, can be adjusted by increasing
the exchange between the TM and RE sublattices, and that
this also leads to a polarization effect of one sublattice on the
other. The model shows qualitative agreement with experiment
for temperature-dependent coercivities for a range of TM-RE
compositions. A mean-field model is also presented, with a
direct comparison being made with the atomistic model. An
analytic expression for the Curie temperature (7) is derived
and we show the compositional dependence of the 7, and Ty;.
A comparison is made between mean-field results and the LLG
model.

We also show that the intersublattice exchange parameter
can lead to an effective heating channel, allowing energy
to be more rapidly transferred between the two sublattices,
shown by calculating the effective spin temperature from
equilibrium properties for a range of exchange parameters.
This intersublattice exchange might be an important energy
transfer mechanism for the ultrafast dynamics observed in
these systems, allowing for a linear decrease in the mag-
netization important when considering such systems at high
temperatures.

II. EXPERIMENTAL DETAILS AND RESULTS

The element-specific XMCD technique has been employed
in order to measure the magnetization of the Fe and Gd
sublattices in the composite alloy. The XMCD measurements
have been performed at the PM3 and UE56/1 beamlines at
the synchrotron light source BESSY II Berlin. Both beamlines
provide soft x rays with variable light polarization. XMCD
has been measured in transmission geometry with the x ray
at normal incidence and collinear with the external magnetic
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FIG. 1. (Color online) Element- and temperature-dependent hys-
teresis loops measured for the Gd and Fe spins in a Gdy3 4Fes33Cos33
sample using XMCD, clearly showing the antiferromagnetic coupling
between the sublattices.

field. The x-ray intensity has been recorded at fixed light
helicity for opposite magnetic-field orientations (up to 0.7 T).
The difference of the resulting absorption spectra defines the
XMCD value.

The studied samples are amorphous GdFeCo thin films
of various stoichiometries grown by magnetron sputtering on
a SiN membrane due to its transparency in the soft x-ray
region. A typical sample consists of a 30-nm GdFeCo thin film
sandwiched between two layers of SiN (to avoid oxidation),
deposited on top of a heat-sink layer of AlTi. The whole
structure is deposited on a SiN membrane (150 nm thick)
supported by a Si wafer.

Element-specific hysteresis loops have been measured at
the Fe and Gd absorption edges as a function of temperature
to identify the magnetization compensation point, where the
coercive field H, diverges abruptly. The photon energy has
been set at the maximum absorption edge (L3 for Fe and M5
for Gd) and the transmitted x-ray intensity has been recorded
as a function of magnetic field. The resulting temperature-
dependent behavior of the hysteresis loops as measured at Fe
and Gd edges is shown in Fig. 1. The opposite polarity of
the Fe and Gd hysteresis demonstrates the antiferromagnetic
alignment of the Fe and Gd magnetic moments.

Accounting for the experimental geometry, an out-of-plane
magnetization orientation of the sample is deduced from the
square shape of the hysteresis, i.e., measurement along the
anisotropy easy axis. Moreover, from the measured hysteresis
we retrieve the coercivity H, and the saturation magnetization
M values at various temperatures. The M, and H. measured on
a Gdy3 4Fey3.3Co3 3 sample are displayed in Fig. 2. The values
of the coercivity measured for Gd and Fe are similar within
the experimental scatter. The variation of H. with temperature
resembles the expected divergent behavior when approaching
the compensation point. However, for this particular sample,
the compensation point is not crossed within the investigated
temperature interval from 60 to 525 K, with just one branch of
H.(T) being measured. At 60 K the values of M, for Fe and
Gd are converging, indicating the close proximity of the mag-
netization compensation temperature. By fitting the measured
M (T) data with a power law function M(T) = M(0)(1 —
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FIG. 2. (Color online) The variation of the coercive field H. and
saturation magnetization M, with temperature for a Gd,; 4Fe;33Co033
sample as deduced from element-specific hysteresis measured at
the Fe and Gd absorption edges. The divergence in the coercivity
indicates the magnetization compensation point. The solid lines are
fits according to M(T') power law (see text). Dashed lines are guides
to the eye.

T/T.)’ (the solid lines in Fig. 2) we deduce a common Curie
temperature for both Fe and Gd sublattices of 540 £+ 10 K.
Varying the Gd content from 23.4% to 29%, we are able to
tune the magnetization compensation temperature from below
60 K to 350 K, as shown in Fig. 3. The experimental results
show the coercive field for a range of compositions using the
XMCD technique as described. The divergence of the coercive
field represents the magnetization compensation point.

The common Curie temperature for the RE and TM
sublattice is an important observation as regards the strength
of the exchange coupling between the sublattices. In the
following we investigate the effects of intersublattice coupling
using the atomistic model.
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FIG. 3. (Color online) Experimental data showing temperature-
dependent coercivity for a range of GdFeCo compositions. The di-
vergence in the coercivity indicates the magnetization compensation
point. The solid lines are guides to the eye.

PHYSICAL REVIEW B 84, 024407 (2011)

III. ATOMISTIC MODEL

Disordered ferrimagnetic materials demonstrate some very
interesting properties, for example, magnetization compensa-
tion point, a point at which there is no magnetization below
the Curie temperature (for a review, see Ref. 16). Compared
with their crystalline counterparts, the amorphous materials
can have differing spin moments, a changed band structure,
and strikingly different exchange values. In addition, the
microscopic origin of the perpendicular anisotropy in GdFeCo
remains elusive and cannot be attributed to strong L-S coupling
in Gd as with other RE series in RE-TM hard magnetic mate-
rials. Clearly the magnetocrystalline anisotropy is extremely
complicated and there have been many suggestions as to its
origin including, pair ordering,>® single-ion anisotropy,’*?
exchange anisotropy?® and bond-orientational anisotropy,>’
with no satisfactory explanation. With this in mind we
know that the uniaxial component of the magnetocrystalline
anisotropy is dominant in the composition range where the
compensation point occurs, therefore in our model we assume
a uniaxial anisotropy energy of 8.07246 x 107%* Joules
per atom. This value should be strong enough to support
perpendicular magnetization in the thin films studied exper-
imentally. For simplicity we choose a generic transition-metal
ferromagnet to represent the Fe (TM), and a separate rare-
earth ferromagnet for the Gd (RE). The system consists of
N x N x N fcc cells with periodic boundary conditions. We
then populate the fcc lattice with a random distribution of TM
and RE ions in the desired concentration g and x, respectively
(g + x = 1). Note here the use of the fcc lattice, this structure
of course does not take into account the size of the Gd atom or
the fact that the structure is disordered, though the amorphous
structure is densely packed and the number of neighbours will
not be limited to six. This means that the distance between
spins is not realistically taken into account, though this is
not important as it does not appear in our Hamiltonian. A
more complicated model would require the use of some kind
of structural relaxation, though this would be complicated as
the exchange parameters would have to be calculated using
ab initio techniques requiring averaging over a number of
starting configurations.

Using the Heisenberg form of the exchange for nearest
neighbors, the energetics of the system are described by the
following Hamiltonian:

1 N , N
H= —§§ JijSi - S; — ;Di(si “n)” — ZMiB -Si,

i=1

ey
where J;; is the exchange integral between spins i and j (i, j
are lattice sites), S; is the normalized vector |S;| = 1, D; is

the uniaxial anisotropy constant (assumed along z), n; is the
direction of the anisotropy vector, w; is the magnetic moment
of the site i, B is the vector describing the applied field, and
N is the total number of spins. We model the magnetization
dynamics of the system via the use of the LLG equation®® with
Langevin dynamics, given by

ds; ; . N

E = —m(s, X H?ﬁ —|—)»,S,- X [S, X Hleﬁ]) (2)
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Here A; and y; are the Gilbert damping parameter and the
gyromagnetic ratio, respectively. The effective field H¢™ is
then given by
oH,;

B = 6) - 55 3)
Here ¢;(¢) represents a stochastic term, which describes the
coupling to the external heat bath. The thermal fluctuations are
included as a white-noise term, uncorrelated in time, which
is added into the effective field. This form of the noise is
treated as a Stratanovich stochastic process.”” The thermal
fields are calculated by generating Gaussian random numbers
and multiplying by the strength of the noise process. The
correlators of different components of this field can be written
as

_ 20kpT i

(Cia(®E; p1") 8ij8apd(t — 1), 4)

1

where o, 8 are Cartesian components and 7 is the temperature
of the heat bath to which the spin is coupled. The coupling of
the spins to the heat bath (A) is a parameter which attempts to
describe all of the energy and momentum transfer channels into
the spin system, for example, from the lattice and conduction
electrons. Note that there is a subtle difference between a
local (microscopic) damping parameter A and a macroscopic
damping parameter, as measured for a material in an experi-
ment, usually denoted as «.>° Although the intrinsic damping
is also known to be temperature dependent,’! this intrinsic
temperature dependence is normally ignored in the modelling
of magnetisation dynamics.*?>** The intrinsic damping should
not be confused with extrinsic which additionally increases
with temperature due to the influence of spin disordering. The
extrinsic damping is the effective rate for a collection of atomic
moments, and depends on temperature, structure, dilution and
many other physical parameters, and is unknown a priori. A
description of the methods is given in Ref. 33.

The use of a two sublattice model for modelling GdFeCo
is justified by the fact that experimentally we measure a
parallel alignment of the Fe and Co sublattice up to the
Curie temperature. Also the fact that we are using a localised
spin model, it would be inappropriate for this type of model,
perhaps, to distinguish between the Fe and Co sublattice due
to the delocalised nature of their moments. Thus we treat the
system as two sublattices, one being FeCo and the other, Gd.
Furthermore, the inclusion of a third species would bring about
yet more free parameters, in the form of the exchange integrals
between the relevant species. We point out at this point that
the amount of Co used in the samples in small and thus we
can treat the FeCo sublattice as a single species; a generic
transition metal.

Because we have two different species, there are some
subtleties with regard to the implementation of the model
due to the presence of on-site parameters that enter into
the LLG equation. Such on-site parameters include A;, u;,
and y;, as well as three types of exchange interactions
Jrv—t™, JRE-RE, and Jrv_grg. Experimentally there is a
difference in the effective gyromagnetic ratio of each species
due to inhomogeneities in the crystal-field potential.** The
effect of different gyromagnetic ratios is the existence of the
temperature at which the ratio M, /y; — M, /y, goes to zero,
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known as the angular momentum compensation temperature
Ta. At Tp there is no angular momentum associated with
the magnetization, which can thus be moved by the slightest
torque.** For simplicity, we have assumed that each sublattice
has the same gyromagnetic ratio of 1.76 x 10" (T s)~!. No
data are available for the value of the intrinsic damping of
the system, although we hypothesize that the on-site damping
constant could be different for the two species. In this model we
assume that the damping on each site is equal at Aty = ARg =
0.1. The actual choice of the parameter A is not important
for calculation of the static processes. The magnetic moments
are of course different; here we use the value for bulk Fe
[urm = 2.217ug (Ref. 35)] for the TM sublattice, where ug
is the Bohr magneton. For the RE sites we also use the bulk
value of urg = 7.63ug.3° The actual moments will vary with
composition because of, for example, hybridization effects.
For instance, from the XMCD measurements we see slightly
smaller Fe moments, however, because of the complexity of
the value of the moments with each composition, we keep a
constant value in the theoretical model.

IV. SIMULATION RESULTS AND MEAN-FIELD MODEL

In the following we present calculations of the magnetic
properties of a TM-RE system using the atomistic model,
including temperature-dependent magnetization and coercivi-
ties. The results show excellent qualitative agreement with the
XMCD experimental data. We note here that the experimental
data is for GdFeCo with a mixed TM sublattice, whereas our
model has a single RE and is, in principle, valid for GdFe.
Howeyver, it is reasonable to assume that the FeCo forms a
single sublattice, allowing a reasonable comparison between
the model predictions and the experiments. XMCD measure-
ments demonstrate a ferromagnetic alignment of the Fe and Co
sublattices in the GdFeCo alloy up to the Curie temperature.

A. Temperature-dependent magnetization

As a first approximation we have used bulk exchange
values for neighboring TM ions (Jpym_tm = 4.5 x 10721 J)
and for neighboring RE ions (Jrg—rg = 1.26 % 10721 ]y,
which give the correct Curie temperature 7. for the separate
sublattices. The validity of this approximation of bulk ex-
change is questionable because of the changing interatomic
distances and coordination numbers. However, this allows
for a systematic study over a range of compositions. Were
one to study a particular composition, this model would
allow us to change the exchange values to fit any available
ab initio or experimental data. The value of the intersublattice
exchange Jyv-grg = —1.09 x 102! J was chosen so that the
temperature dependence of the TM and RE sublattices agreed
qualitatively with results of XMCD measurements of static
magnetization, shown in Fig. 2. This will be discussed later in
more detail. Due to the larger atomic radius of Gd, it is possible
that the TM-TM exchange is reduced because of the fact that
as the amount of RE is increased, the distance between the
TM ions increases. However, in the absence of any detailed
information about the spatial dependence of the exchange,
these effects are difficult to quantify.
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FIG. 4. (Color online) Numerically calculated magnetization
curves for the TM-RE ferrimagnet as a function of temperature.
Results are shown for a range of RE content. The compensation
point exists for concentration in the range 18%—-44%, consistent with
experiment (Ref. 16). Note that the sign of M takes into account the
fact that the TM sublattice is pointing opposite to the RE sublattice.
In the negative region, therefore, the RE sublattice is dominant.

The model is capable of reproducing the key magnetic prop-
erties specifically the temperature-dependent magnetization,
as shown in Fig. 4. These results were obtained by simulating a
system of 62 500 spins with periodic boundary conditions. The
system is equilibrated until there is only a small change in the
magnetization for each temperature point. The thermodynamic
average of the magnetization was calculated over a further
period of t,,x = 60 ps,

where m; is the reduced magnetization of the sublattice i.
Considering first the data in Fig. 4, at high RE concentrations
(x) there is a compensation point, i.e., a point below 7 at
which the total magnetization crosses zero. This point occurs
at a temperature which decreases with decreasing x. Thus, the
model is behaving in a way consistent with the experiment.'®
With decreasing x, the compensation temperature decreases,
vanishing at a critical concentration x.. For values of x < x,
the magnetization shows a peak value at some temperature
greater than zero. This results from the competing exchange
coupling terms, with the ferromagnetic exchange becoming
important at low x. The addition of RE also acts to reduce the
Curie temperature.

As mentioned, the compensation point does not exist
for compositions greater than 44%. Figure 5 shows the
magnetization curves for x > 44% up to pure RE, which for
Gd, as mentioned, has the correct Curie temperature. The
orientation of the sublattices is reversed in this figure with
the RE sublattice pointing in the positive direction.

B. Mean-field approximation

In this section we present an adapted mean-field approxima-
tion (MFA) to the free energy of the system,'>?!37-38 which we
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FIG. 5. (Color online) Numerically calculated magnetization
curves for the TM-RE ferrimagnet as a function of temperature.
Results are shown for a range of RE content. This figure shows
that the compensation point does not exist above 44% RE. Note that
the sign of M; takes into account the fact that the TM sublattice is
pointing opposite to the RE sublattice. All of the data are plotted
as the absolute value of the magnetization as there does not exist a
compensation point in this range.

use to verify the atomistic model and to make a comparison of
the Curie temperatures and magnetization compensation point.
We extract the equilibrium magnetization of each sublattice
and compare the results with those obtained from the numerical
model.

The free energy F = —kgT InZ of a spin system (Z
is the partition function) described by the Hamiltonian in
Eq. (1) can be calculated in the MFA by considering each
spin on a site i as an isolated spin, with the effective field
containing contributions determined by the mean values of the
neighboring ones.** Here we are dealing with a special case
of a two-sublattice model. We can subdivide the lattice into
two asymmetrical sublattices, the impurity sublattice with RE
spins and the bulk one with TM spins. Namely,

H = HM™ = Hoo — pm Z H%&A * ST™M
™

MFA
_,U«REE Hig" - SrE,
RE

5. with o; = (s;)
being the spin polarization of the site i, and the molecular
field HM™ is given by

where Hyy = Z,»j Jijoi -0+, Djo

,bL,'H%-VIFA = wH+2D;oe;, + Z Jijo -
J

Now, the exchange part is treated by first dividing the sum
over the neighbors in two, i.e., > ; —> Y .y + > _gg- Next
we define the anisotropy field as H4; = (2D; /) oi e, and
pass to the continuous limit o; = o (r), assuming Aa (r) = 0.
Then the molecular field reads

wHMA = (H+Ha ) + Z J™Me v + Z JREGRE.
™ RE
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If z is the number of nearest neighbors and x is the RE
concentration, then a TM moment will have on average zx
neighboring RE moments and z(1 — x) = zg neighboring TM
moments and conversely for the RE moments. Averaging over
the system configurations*’ and defining Hj;;; = H+ Hy;,
we can write the average molecular field acting at each
sublattice spin as

preHRE" = ireHL; rp + % Jo RE-REORE + ¢ J0. TM-REGTM,
(5)
prHYN = wrmHlge v + 90, TM-TMO T™
+ xJo, TM—REO RE, (6)

where Jo;; = zJ;;. Note that to recover the Hamiltonian for
the pure ferromagnet in Egs. (6) and (5), we must set x = 0
and Jo tm—1tm = 0. The free energy takes the form

F =Hoo — NksT In(4) — kT D _ A (&), 7

where A (§) =In(sinh(§)/§), & = |§l. , and §; =
wiHMA /kgT. The mean-field free energy determined
by Egs. (5)—(7) can be minimized with respect to the spin
averages org and oty to find the equilibrium solution. The
minimum condition for the free energy d0F/doreg = 0 and
dF /0o v = 0 leads to the coupled Curie-Weiss equations

§ §
ore = L (&rp) =22, 0w = L (btw) =22, )]
RE &™
where L (§) = coth (§£) — 1/£ is the Langevin function. Then
the equilibrium magnetization of each sublattice can be
obtained via the self-consistent solution of Egs. (8). The total

equilibrium magnetization per atom is evaluated as

M = putMgOe ™M — UREXO, RE- 9

Close to T, we may expand L(¢) = &/3, and calculate TM™
of the ferrimagnet. We obtain the equation

TN = 24 ! (10)

 3kgb /1 +4da/b? —1’

where

2
a =qx (J*o.tv-gre — Jo.re-rEJO,TM-T™) -
b = qJorm-t™ + X Jo RE-RE-

In the low concentration limit we obtain a linear decrease of
the Curie point TM™ = ¢ Jo tm—1m/3.

Figure 6 presents a comparison between the MFA and LLG
model for the total magnetization as a function of temperature
for different TM-RE concentrations. The MFA as always
overestimates the value of the Curie temperature. Following
the conventional comparison, the data in the atomistic model
are normalized to the corresponding Curie temperature for
each composition.

To compare the MFA results with the predictions of
the atomistic model, Fig. 7 includes the Curie temperature
calculated using the Eq. (10) with rescaled interaction J;; to fit
the exact values in the pure ferromagnetic (antiferromagnetic)
limits, 3.18J = kg7, for face centred cubic structures.*' In
the LLG model, to calculate the Curie temperature in a
consistent way, to overcome the problem of finite-size effects,
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FIG. 6. (Color online) Magnetization curves as a function of
temperature (normalized to the Curie temperature 7, for each compo-
sition) for different concentrations of RE. The data is calculated via
the MFA approach (solid lines) and direct integration of the Langevin
dynamics equation (2) (symbols).

we performed a fit to the numerical data using the same
method as in Ref. 42, whereby the data were interpolated
to M = O0—this point represents the phase transition. We
have also compared the calculated compensation temperature
(where it exists) as a function of composition. The results are
shown in Fig. 7.

As can be seen in Fig. 7, the LLG model agrees very well
with the MFA predictions. The magnetization compensation
point appears at the same composition in both models and
disappears again at around the same point, showing the
strength of the modified mean-field model for predicting static
properties. The composition range for which the magnetization
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FIG. 7. (Color online) Compositional dependence of the Curie
temperature (7.) and magnetization compensation point (7).
The mean-field approximation (MFA) with renormalized exchange
parameters is shown to agree very well (lines) with the Landau-
Lifshitz-Gilbert (LLG) model (points). The compensation tempera-
tures deduced from temperature-dependent hysteresis curves show
excellent agreement with the mean field and LLG models.
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FIG. 8. (Color online) Numerical values of the coercive field
(points) for various RE amounts. Data shown was calculated using a
sweep rate of 1 T/ns for a range of compositions. Results show good
qualitative agreement with the experimental results (Fig. 3), with the
divergence representing the magnetization compensation point. Lines
are guides to the eye. Values are reduced to the zero-temperature, pure
TM coercivity value with the same sweep rate.

compensation point exists is also in good agreement with the
experimental data in Ref. 16.

These initial results act as a validation of the computational
model and mean-field approach. Next the atomistic model is
used in a study of the effects of interlayer coupling on the static
and dynamic properties of the model ferrimagnet.

C. Coercivity calculations

Using the LLG model we show the compositional depen-
dence on the coercivity. The model reproduces qualitatively
similar behavior to the experimental results shown in Fig. 3.
The systems modeled are 62 500 spins in size due to limits
on computational resources, therefore, a single domain state
exists and reversal occurs via precessional switching over
the energy barrier. Figure 8 shows the results of numerical
calculations of the coercive field for a range of compositions
of the TM-RE system. The sweep rate applied was 1 T/ns,
which was required for computational efficiency. The system
was first equilibrated at the given temperature and then the
field was ramped in the opposing direction to the dominant
sublattice. The lines are guides to the eye applied above and
below Ty for each composition. Qualitative agreement with
the experimental results of Fig. 3 is good, showing that the
divergence is due to the magnetization compensation point.
This is another validation of the use of this simple atomistic
model as a first approximation for this type of Ferrimagnet.
Complete agreement between experiment and theory is not
possible at the moment as the coercivity of a material depends
on many things, amongst other things, the presence of defects,
morphology, chemical segregation, formation of magnetic
grains, interfacial properties and the time over which the field
is swept, i.e. it is a time dependent quantity. Quantitative
agreement between the LLG simulations and experiments for
the whole range of temperatures and compositions is therefore
highly computationally expensive. This is because of the
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FIG. 9. (Color online) Reduced magnetization of the Fe and Gd
sublattices as a function of the intersublattice exchange (Jym—gg)-
Magnetization is normalized to the sublattice magnetization. The
exchange leads to a polarization effect between the sublattices. Here
Jmax = —2.18 x 10721 J.

timescales involved in the experiments, which are currently
unreachable by the LLG model. With this in mind we still see
the effect on the coercivity of the magnetization compensation
point in both the experiments and the simulations with this
very simple model

D. Computational results for the effect of TM-RE exchange

As previously discussed, the temperature dependence of
the magnetization of each sublattice is different depending on
the effective exchange. Although the details of the exchange
parameters are unknown, we can get an insight into the strength
of the exchange between the sublattices by comparing the re-
sults of our simulations with the XMCD experiments described
earlier, which measure the magnetization of each sublattice.

It can be seen from Fig. 2 that the magnetization is almost
linear with temperature for the RE sublattice, and the two
sublattices show the same Curie temperature 7.. To get an
insight into the strength of the exchange between the two
sublattices, we employed the Langevin dynamics model of the
TM-RE ferrimagnet to calculate the reduced static magneti-
zation as a function of the intersublattice exchange parameter
Jrm—grg- Other than the variable intersublattice exchange, the
simulation details are the same as for the results in Fig. 4.
The results are shown in Fig. 9, which shows the reduced
magnetization of the Fe and Gd sublattices as a function of the
intersublattice exchange coupling (Jrym—grg). Over the range of
exchange coupling shown, in agreement with Fig. 2, the two
sublattices share the same Curie temperature, suggesting that
there is a polarization effect of one sublattice on the other. This
polarization effect also changes the temperature dependence
of the magnetization, as seen in Fig. 9. For weaker coupling
(not shown here), the RE sublattice shows a reduced T.. The
experimental results in Fig. 2 clearly show the presence of
strong coupling between the sublattices. Comparison between
the calculations and experimental results suggest a value
of ~—1.09 x 1072! J. This factor is potentially important
in relation to ultrafast magnetization processes, since the
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intersublattice exchange could provide a mechanism for
energy transfer from the TM to RE. We consider this in the
following section.

E. Effective heating via intersublattice exchange

Atomistic models have been used previously for the
study of short time-scale dynamics*® excited by femtosecond
laser pulses in ferromagnets, giving good agreement with
experimental time scales for the demagnetization process.
The model is based on a two-temperature approach* to the
calculation of the electron and phonon temperatures (7 and
Tpn), respectively. The laser power is assumed to be absorbed
by the conduction electrons, which are coupled to the phonon
system by a phenomenological coupling constant. Because of
the difference in heat capacities, this gives a characteristic
variation with a rapid initial increase in 7| following the laser
pulse, and a slower rise of Tp,, with the temperatures reaching
equilibrium over time scales on the order of 1-2 ps.

Kazantseva et al.*® developed a model of ultrafast heating of
a ferromagnet assuming that the energy transfer mechanism is
via the conduction electrons into the spin system. However, the
recent observations of magnetization reversal in GdFeCo using
circularly polarized laser pulses suggests the importance of the
development of models of ultrafast reversal in a ferrimagnet.
Here the energy transfer channel is less clear-cut. It seems
reasonable to assume that there exists a channel via the
conduction electrons into the TM spin system as in the pure
ferromagnet. However, the mechanism of transfer of energy
into the RE sublattice is less clear. Generally the RE provides
large anisotropy due to its spin-orbit coupling, however, in
the case of bulk Gd there is no spin-orbit coupling of the
4f electrons, however, the 5d electrons have finite spin-orbit
coupling partially responsible for the anisotropy.*

In this section we investigate the effect of the intersublattice
exchange parameter on the demagnetization time in the RE
sublattice, which is intrinsically slower due to the higher
moment associated with the RE sites, as determined by the
magnitude of the correlator. The dynamic model presented
here is used in an investigation of the energy transfer induced
by the intersublattice exchange.

The approach is to apply a Heaviside step function in
temperature from O to 300 K (to which both sublattices are
coupled) to simulate the rate of heat transfer to the sublattices.
Following the step change we monitor the time evolution of the
magnetization changes. The energy transfer is characterized by
determining the spin temperature of the RE sublattice, which
can be done by mapping the magnetization on to a temperature
using the static M (T") curve. We denote this as the effective spin
temperature Tg. Figure 10 shows the effective spin tempera-
ture of the RE sublattice as a function of time for a range of the
intersublattice exchange. As can be seen from Fig. 10, the rate
at which the effective spin temperature changes between the
low and high exchange values is significantly different, evident
from the fact that in the low exchange case in Fig. 10 the RE
takes much longer to reach its equilibrium spin temperature. As
aresult, the intersublattice coupling is seen to be an important
energy transfer channel, reducing the longitudinal relaxation
of the intrinsically slow relaxing RE impurity.
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FIG. 10. (Color online) Numerical result of the effective RE spin
temperature (7¢) using the Langevin dynamics model of the TM-RE
ferrimagnet. The system is initially at O K, and at time zero a step
in temperature to 300 K is applied. The effective spin temperature is
extracted from the equilibrium magnetization. The result shows that
the higher exchange leads to an increase in the rate of change of the
effective spin temperature in the RE system.

V. CONCLUSION

We have developed an atomistic spin model of a TM-
RE collinear ferrimagnet using a versatile method which is
applicable to all alloy types and compositions. The model
predictions of static properties, specifically the temperature
dependence of the magnetization of each sublattice, were
compared with experiments on GdFeCo using the element-
specific XMCD technique. The results of the model are in
good agreement with the experimental results and also with
the predictions of a mean-field model. In particular, the model
predicts some extremely important aspects of this type of
ferrimagnet, for example, the magnetization compensation
point and the Curie temperature dependence on composition.
The role of the compensation point in the effective coercivity
was found to be qualitatively similar in the simulations
and experiments. We show that the static properties depend
on the intersublattice exchange, show its importance for
time-resolved dynamics, and show that this interaction may
influence laser-induced magnetization dynamics significantly.

Importantly, the model is based on the use of Langevin
dynamics, which provides the intrinsic capability to study
time-resolved magnetization dynamics in such and other
complex systems. The dynamics are potentially important
when considering new technologies such as heat-assisted
magnetic recording or all-optical magnetization reversal. The
TM-RE materials in the amorphous phase, as discussed, are
very complex, so more work is required on the details of the
crystal structure and the spatial dependence of the exchange
constants. Finally, we note that the optomagnetic reversal
phenomenon'? has only been experimentally demonstrated for
amorphous ferrimagnetic alloys. As a result, the development
of the current model is potentially important in understanding
the fundamental optomagnetic reversal process, and especially
the role of the RE component.
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The development of this model will allow us future insights
into ultrafast processes in this type of ferrimagnetic material,
which we believe to be extremely important for the further
development of future technologies.
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