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Surface effects in ferrimagnetic ThFe rare-earth—transition-metal thin films and nanoparticles
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Alterations of magnetic properties associated with a large surface-to-volume ratio are of great importance for
all magnetic nanosystems. In particular, amorphous rare-earth—transition-metal thin films with a thickness of
10 nm or less demonstrate modified M (T ) characteristics and magnetization switching behavior in comparison
with their bulk counterparts. Understanding and experimentally identifying which particular surface phe-
nomenon is responsible for this behavior are challenges due to the variety of possible overlapping contributions
and effects. In this paper, we report on a study of surface magnetism in amorphous ferrimagnetic TbFe thin films
and nanoparticles with varying diameters. We demonstrate how the reduction of the average number of surface
neighbors, preferential oxidation, and chemical segregation can change compensation and Curie temperatures as
well as magnetic reversal characteristics of the alloy. Our results indicate that the preferential oxidation plays a
leading role, whereas reduction of the average number of neighbors and chemical segregation are found to be

the second most important factors.
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I. INTRODUCTION

Thin films and nanostructures of the rare-earth-3d-
transition-metal (RE-TM) alloys are the subject of many
fundamental and applied studies. Especially Tb-Fe, Gd-Fe,
Tb-Co, and Gd-Co amorphous systems are of great interest
due to their unique ferrimagnetic properties and the simul-
taneous occurrence of many interesting phenomena such as
perpendicular magnetic anisotropy [1], ultrafast magnetiza-
tion switching by current pulses [2], magnetostriction [3],
all-optical switching [4], domains without domain walls [5],
and a compensation temperature 7,,, where the net magnetiza-
tion is zero. The abovementioned properties can be engineered
and adjusted to the requirements by RE content [6,7], surface
morphology [8,9], modifications of local atomic order [10],
or thin film thickness [11]. The latter parameter affects in par-
ticular the compensation point and remanent magnetization in
structures thinner than 20-30 nm [6,12]. For instance, Hebler
et al. [12] showed that increasing Tb,sFe;s film thickness
from 9 to 28 nm results in the shift of the compensation
temperature from 150 to 370 K, while for thicker layers no
significant effect was observed. Similar dependencies have
been reported by other authors for other RE-TM alloys [6,13],
which indicates the presence of surface effects that are notice-
able only for sufficiently thin layers.

The origin of this effect is not well understood, and
several contributions are considered to explain it. One pos-
sibility is a nonhomogeneous distribution of the rare earth
atoms along the film thickness which may be induced by
selective resputtering during the growth process [14,15], by
a chemical segregation process [2,16—19], or by interaction
with seed and capping layers [18,20]. In addition, selective
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oxidation of rare earth atoms can occur near the surface due
to diffusion of oxygen through thin protective layers or out
of the substrate [20-23]. While some authors evidenced the
above reasons as a source of a nonhomogeneous rare earth
content distribution within the film depth [20,24,25], others
argue [12,26] that the composition changes are insignificant
and cannot account for the variation in magnetic properties.
Therefore other explanations have also been proposed. One
of the possibilities is a contribution of stress-induced effects,
which can play a decisive role in the sub-10-nm thickness
range [12,27]. On the other hand, Ma et al. [26] demonstrated
that the surface effects may result from a surface region of
about 5 nm where a different alloy amorphous phase forms.
The formation of the additional phase is associated with
changes in the short-range order of the RE-TM alloy, which
strongly influences its structure and magnetism. Another pos-
sibility proposed by Hebler er al. [12] is an alteration of
the fanning cone for RE atomic moments related to growth-
induced variations in the short-range order. With decreasing
film thickness, the total exchange energy can decrease, which
causes a widening of RE fanning cone angle and a decreasing
contribution of the RE sublattice magnetization to the total
sample magnetization. This, however, contradicts the result of
the paper by Ruckert er al. [28], who showed that the fanning
cone does not vary strongly with film thickness.

The variety of possible overlapping surface effects that
may affect the magnetic properties of RE-TM alloys signif-
icantly hinders systematic experimental research into these
magnetic properties. On the basis of current experimental
data, it is difficult to clearly state which of the surface effects
plays a leading role and which has negligible importance.
Progress in exploring this issue may, however, be achieved
by employing computational tools. For this purpose, we built
an atomistic spin model validated by comparison with exper-
imental results, and we analyzed the influence of individual
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surface effects using an atomistic simulation approach that
allows us to separate the individual contributions and deter-
mine their impact on the compensation temperature, remanent
magnetization, and hysteresis loop behavior. We performed
the calculations for the representative TbFe system in the
form of thin films as well as spherical nanoparticles, where
the surface-to-volume ratio is bigger than in thin films with a
thickness corresponding to the diameter of the nanoparticle.
Such an approach allows us not only to track the magnetic
changes originating from the surface but also to explore the
prospects of RE-TM nanoparticles, whose properties are so
far poorly researched due to the difficulties in the experimental
fabrication of this type of system [29,30].

II. METHODS

Atomistic calculations were performed using VAMPIRE
software [31]. The TbFe alloy with 25 at. % of terbium was
modeled as two ferromagnetic sublattices coupled antiferro-
magnetically. In order to mimic the disordered or amorphous
phase, the sites in an fcc lattice (unit cell size 3.5 A) were
randomly occupied by Tb or Fe atoms. The distance between
the magnetic ions does not appear explicitly in the Hamilto-
nian, but is included in the adopted values of the exchange
coupling constants. They are stated per link and do not take
into account the number of neighbors of each species [32].
All the reference results for bulk systems have been obtained
for a sample volume size of 20 x 20 x 20 nm?* with peri-
odic boundary conditions in the x, y, and z directions. In the
case of nanoparticles, single objects were simulated without
boundary conditions, while the periodic boundary conditions
in the x and y directions were applied for thin films. The
magnetization dynamics for the ith atom is governed by the
stochastic form of the Landau-Lifshitz-Gilbert equation with
Langevin dynamics

ds; Vi off off
dt — (14+ 22w (i HT) + 2.8 x [S: < HT]. (D

where S; is a normalized spin vector, u; is an atomistic spin
moment on the given site, y; is a gyromagnetic ratio, and A; is
a Gilbert damping constant. For the sake of simplicity, y; was
the same for both sublattices.

The effective field is defined as Hfﬁ =n;(t) — % and acts
on each atomic moment. A stochastic term 7,;(¢) represents
thermal fluctuations at given temperature T and is considered
as white noise, uncorrelated in space and time [33].

2AikpT
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The Hamiltonian of the system is described as follows:

N N
H= —% (lXj;JijSi -S; - ;Ki"(si ‘)’ — ;MBW -Si,

(3)
where J;; is the nearest-neighbor exchange constant between
sites i and j and depends on the sublattice. The adopted val-
ues of the exchange coupling constants were J7 = 2.75 x
10720 J, J™T =125 x 1072 J, and J™F = —1.65 x
1072! J, and these values were determined from previous

studies supported by experiment [10]. The average magnetic
moments per atom were jpe = 2.218 wg and py, = 9.0 g for
iron and terbium, respectively [10]. K/ is a uniaxial anisotropy
constant with a vector n{, and B! is an external magnetic
field. For simplicity, we assume that the uniaxial anisotropy
is the same for both sublattices, and it is taken as K, =
8 x 1072* J/atom at 0 K. An additional linear dependence
of the anisotropy constant on temperature has been taken
into account according to Hansen et al. [34]. Magnetization
saturation as a function of temperature was calculated using
the Monte Carlo method with a time step of 1071 s. We
considered that the system reaches magnetic equilibrium at
the given temperature after 10° integration steps, which cor-
responds to 0.1 ns [35]. For the hysteresis loops, the Huen
method was used with a total observation time of 1.5 x 103
steps [36]. In each case, noninteracting nanoparticles were
simulated. The magnetostatic energy within one particle was
three orders of magnitude lower than the exchange interaction
energy and therefore was considered as insignificant.

The atomistic simulations were supported by mean field
approximation (MFA) calculations to obtain exchange con-
stants for a given concentration of terbium and also to
compare the atomistic results with a simple MFA model for
two sublattices [32]. In this approach, the effective field can
be divided into two parts representing two sublattices:

pure S = prpH o + xJg " sy + gy s Re @

MFA ! Fe-Fe Fe-Tb
MFeHFe = upHge + qu Sre + x-]() STb»

where Jy = enJj;, n is the average coordination number, € =
0.79 for an fcc lattice [37], x is the concentration of terbium,
and ¢ = 1 —x. H' = H™' + H*, where H®' is the external
magnetic field and H' = 2(K}/;)s; . is the anisotropy field
acting on each spin. Finding an equilibrium solution of the
system of two sublattices leads to coupled Curie-Weiss equa-
tions:

ST = L(fTb)gﬁ, Sre = L(&pe "gﬁ, (%)

&b &re

where L(&tp) is a Langevin function and & = wHM™ /kpT .
Then, the total magnetization of the equilibrium system can
be derived from the self-consistent solution and takes the form

M = UFeqSequil,Fe — MTbXSequil, Tb- (6)

III. RESULTS AND DISCUSSION

A. Reduction of the average number of neighbors

Representative results of atomistic simulations for a spher-
ical nanoparticle of composition Tb,ysFe;s and a diameter of
5 nm are shown in Fig. 1. The nanoparticle exhibits spon-
taneous magnetization in the direction determined by the
anisotropy of the system. The anisotropy direction and energy
are set at the stage of material production and are most often
related to the ordering of atomic pairs or alterations in the
local structure of the alloy [15,38]. Here, the main axis of
anisotropy has been adopted along the z axis, resulting in a
net magnetization close to that direction. The magnetic sub-
lattices of terbium and iron show a distribution of magnetic
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FIG. 1. (a) Visualization of magnetic moments at the cross section of a nanoparticle with a diameter of 5 nm at temperature 100 K.
Terbium moments are marked with a green color scale, while iron moments are marked with a purple color scale. (b) and (c) The magnetic
moments establishing terbium and iron sublattices, respectively. (d) Remanent magnetization vs temperature for iron (red) and terbium (green)
sublattices together with net magnetic moment of the whole nanoparticle (black). (e) Angular distribution of magnetic moments for surface
and bulk iron and terbium atoms. The inset presents the cumulative distribution function for the corresponding distributions. 6 is the angle
between the direction of a particular magnetic moment and the resultant magnetization of a nanoparticle.

moments [Figs. 1(b) and 1(c)], which is commonly desig-
nated as the “fanning cone” behavior observed in RE-TM
systems [39,40]. The widths of these distributions change with
temperature, which results in the Mg(T') relationship showing
a compensation temperature 7, = 425 K when the resul-
tant magnetic moments of the sublattices cancel each other
[Fig. 1(d)]. For a sufficiently high temperature, the spread of
magnetic moments is so large that the spontaneous magnetiza-
tion disappears and the material reaches the Curie temperature
Te =~ 530 K.

The magnetic moments located on Fe and Tb atoms can
be divided into two subgroups: (i) surface moments with
number of neighbors less than 12, which corresponds to a
distance of less than 0.35 nm from the surface, and (ii) those
located in the center of the nanoparticle at a distance of more
than 0.35 nm from the surface designated as bulk moments.
The angular distributions of these moments around the re-
sultant magnetization direction of the particle are shown in
Fig. 1(e). In all cases they follow the Boltzmann distribution,
which is characteristic for thermally activated ensembles of
spins with anisotropy [31]. Although the histograms for the
bulk and surface magnetic moments appear to be similar,
the cumulative distribution function (CDF) reveals significant
differences between them. The surface moments have wider
distributions with the maximum shifted towards larger angles
by about 5°. This is caused by stronger thermal excitations
of the surface magnetic moments that are less coupled to the
lattice due to the smaller number of neighbors and therefore
have less resultant exchange energy. A more detailed analysis

of this phenomenon is shown in Fig. 2, where the angular
distributions as a function of temperature for the bulk and
surface magnetic moments in a 5-nm spherical nanoparti-
cle are presented. From the cumulative distribution functions
[Figs. 2(e)-2(h)], one can calculate the median tilting angle
of the moments for a particular sublattice and temperature
by determining the angle for which CFD = 50% (collected
in Table I). For all temperatures, the median tilting angle
is smaller for Fe than for Tb due to stronger interatomic
Fe coupling in comparison with Tb moments exhibiting a
weaker exchange coupling expressed through Jge ge > J1b-Tb-
For bulk Fe moments, the angular distribution in thick films of
amorphous TbFe alloys was directly measured using Moss-
bauer spectroscopy by Ruckert ef al., who determined the
typical fanning cone angle to be about 30° [28], which agrees
well with our calculations for 300 K. On the other hand,
the average fanning cone angle of the bulk Tb moments

TABLE I. Median tilting angle (in degrees) for bulk and sur-
face moments in Fe and Tb sublattices calculated for different
temperatures.

5K 100 K 300 K 400 K
Fe bulk 3 15 33 43
Fe surface 4.5 20 41 57
Tb bulk 4 19 38 52
Tb surface 5 23 52 65
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FIG. 2. (a)-(d) Angular distributions of magnetic moments for Tb and Fe sublattices calculated for a 5-nm spherical nanoparticle at various
values of temperature. Contributions from surface and bulk magnetic moments are distinguished by different colors. (e)—(h) Cumulative
distribution functions (CDFs) corresponding to the distributions of magnetic moments for a particular temperature. Note that the horizontal
scale for the graphs in (a) and (e) is different from that for the other graphs.

can be experimentally estimated using M (H) measurements
in the high-magnetic-field regime supported by a macrospin
simplification. Schubert established its value to be about
40° £+ 5° at room temperature for TbFe alloy film with 25
at. % Tb [41], which is bigger than the angle value of the
bulk Fe magnetic moments and stays in reasonable agreement
with simulation results presented here. The average widths of
the orientational moment distributions are determined by the
anisotropy constant and exchange coupling strength. Both of
these quantities are altered on the surface of the nanoparticle
by a different short-range order and a decrease in the number
of nearest neighbors. In consequence, surface moments are
more susceptible to thermal excitations, which is visible as
a broadening of their angular distributions. The higher the
temperature, the more pronounced these changes are, and for
400 K the broadening is 15° and 13° for Fe and Tb moments,

respectively. The same effect can be observed for thin films,
as shown in the Supplemental Material, Fig. S1 [42], where
similar values of average fanning cone angles were found for
a layer with thickness of 5 nm. In this case, however, the
orientational distributions for surface and bulk moments have
different contributions due to different geometry and smaller
surface-to-volume ratio in comparison with nanoparticles.
Since the magnetic properties of RE-TM alloys are deter-
mined by the intrinsic configuration of the magnetic sublattice
moments, the changes in the angular distributions influence
the temperature behavior of the alloy and particularly its com-
pensation point and Curie temperature. This allows different
magnetic properties of the nanoparticles to be obtained despite
there being the same alloy stoichiometry. Such a possibility
is shown in Fig. 3, where the remanent magnetization vs
temperature for nanoparticles with diameters from 2 to 12 nm
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FIG. 3. Remanent magnetization vs temperature for TbFe nanoparticles calculated using (a) the mean field approximation and (b) the
atomistic approach. The nanoparticle diameter varies in the range 2—12 nm. (c) Compensation and Curie temperatures determined on the basis
of the mean field approximation and atomistic simulations as a function of reciprocal diameter. For MFA models, two cases were considered:
without magnetic anisotropy (red points) and with anisotropy (green points). The anisotropy has always been taken into account in the case of

the atomistic approach.

is presented in comparison with the result for bulk alloy. The
curves were calculated using the mean field approximation
[Fig. 3(a)] and the atomistic approach [Fig. 3(b)]. The av-
erage coordination number as a function of the nanoparticle
diameter used in the mean field approximation is shown in
the Supplemental Material, Fig. S2 [42]. Qualitatively similar
results were obtained using the two methods, and the observed
differences are due to the fact that the MFA model takes into
account only the average exchange interaction for each mag-
netic sublattice, while the atomistic simulation considers the
local variations of the neighbor configuration for each atom.
The difference in the compensation point between the small-
est particles and the bulk alloy reaches 70 K, and the same
changes are observed for the Curie temperature [Fig. 3(c)].
Both temperatures scale linearly with the reciprocal of the
particle diameter, and the approximation of the linear fits
in Fig. 3(c) shows that 7,, and T¢ reach 0 K for diameters
comparable to the distance between atoms, i.e., 0.35 nm. The
observed linear scaling with 1/D corresponds to the behavior
of the surface-area-to-volume ratio for spherical objects. The
same type of dependence is present also for thin layers, where
T,, scales linearly with the reciprocal of layer thickness 1/¢, as
shown in the Supplemental Material, Fig. S3 [42]. In this case,
however, the slope for the temperature trend 7,, is smaller due
to the different geometry of the system.

The influence of the surface effect is also visible in the
M (H) curves presented in Fig. 4, where the time-averaged
(0.15 ns at each step) z-axis projection of the resultant moment
of the nanoparticle is presented, with the external magnetic
field directed also along the z axis. A greater share of surface
atoms, and thus a greater spatial distribution of magnetic mo-
ments, makes magnetization switching easier to start through
the spontaneous rotation of the weakly coupled moments on
the surface. This is manifested by a decrease in the coer-
civity values compared with the bulk. At low temperatures,
the coercivity reduction reaches about 20% for a nanoparticle
with a diameter of 5 nm. At higher temperatures, an addi-
tional decrease of remanence and hysteresis loop squareness
is visible. This can be interpreted as the onset of a superpara-
magnetic effect, where thermal fluctuations are responsible
for the quick changes in the total magnetic moment direction.

The predicted changes in hysteresis loop behavior, as well as
shifts in 7;, and T¢, indicate that surface effects related to the
reduction of the average number of neighbors should be easily
observable in RE-TM nanosystems and can be used to tune
the compensation temperature; however, they are too small
and cannot alone explain the large changes in compensation
temperature observed in thin metal layers as a function of their
thickness [12].

B. Preferential surface oxidation

Rare earth elements oxidize readily due to their small elec-
tronegativity. For this reason, thin layers of RE-TM alloys and
nanoparticles are often protected by covering them with a few
nanometers of a noble metal such as Pt or Ta. However, recent
research has shown that despite the protective layers, oxygen
can diffuse in a small amount into the material [2,20,22,23];
therefore a preferential oxidation is expected since rare el-
ements have a greater tendency to bond with oxygen than
transition metals do. Such a process has been examined by
Bergeard et al. [23], who determined the structural and chem-

300 — T T T T T T T T bulk
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200} {i T 5m
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FIG. 4. M (H) loops at various temperatures for the Tb,sFess
alloy in the form of nanoparticles with diameters of 5 nm (solid
curves) and 8 nm (dashed curves) and for the bulk (dotted curves).
The magnetic field was applied in the direction of the easy axis of
magnetization.
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in the normalized radius of the nanoparticle. The infinite sigma value corresponds to a homogeneous concentration distribution throughout
the volume of the nanoparticle. (b) Remanent magnetization vs temperature for 10-nm nanoparticles with various distributions of terbium
content. (c) Upper part: Curie temperatures determined for nanoparticles of three different sizes using two methods, namely the maximum of
the susceptibility (solid circles) and the inflection point of the M (T ) curve (open circles). Lower part: compensation temperatures determined
for 5-, 10-, and 15-nm nanoparticles using the minimum of the susceptibility (solid circles) and the intercept of the M (T') curve with the axis
My = 0 (open circles). Note the different scales for 7¢ and 7,,. Here, infl. /cross. point, inflection or crossing point.

ical order of amorphous Gd-Co thin films using the extended
x-ray absorption fine structure (EXAFS) and x-ray photo-
electron spectroscopy (XPS) methods. The high sensitivity
of the methods allowed the small contribution of RE oxide
to be detected, while TM oxidization was not revealed by
the analysis. Similar results were obtained by Haltz et al. for
TbFe alloys [20]. This indicates that the element concentration
profile naturally occurs in the RE-TM nanosystems even when
they are protected by capping layers. While the concentration
profile of TM atoms can be considered as approximately con-
stant, a deficit of RE atoms with a nominal magnetic moment
is expected near the surface. Additionally, RE-TM systems
are susceptible to aging processes caused by the high affinity
of RE elements for oxygen [2], which slowly reduces the
proportion of the nonoxidized RE atoms at the surface. Only
the middle part of a thin layer or nanoparticle is expected to be
a bulklike alloy with an almost nominal effective composition
that does not change significantly over time.

To analyze the preferential oxidation process, we assumed
that oxygen atoms bond only with rare earth atoms, change
their magnetic moment, and switch them off magnetically.
Therefore we accepted a constant concentration profile of Fe
atoms in the entire volume of the nanoparticle and a Gaussian
distribution of magnetic nonoxidized Tb content as a function
of the radius, shown in Fig. 5(a). The width o of the distri-
bution was varied from 0.5 to 5.0 of the normalized radius.
The smallest width of the distribution yields a more than

five times reduction in the concentration of nonoxidized Tb
atoms on the surface of the nanoparticle, while the latter value
corresponds to the negligible oxidation of rare earth atoms.
The composition of the alloy in the center of the nanoparticle
was always kept as nominal. A similar approach can also be
adopted for thin films, but instead of the radius, the layer
thickness is taken as an independent variable in the terbium
content distribution.

Since the magnetic properties of ferrimagnetic alloys are
highly sensitive to rare earth content, a small decline in nonox-
idized Tb can significantly alter the net magnetization and its
behavior versus temperature. Figure 5(b) presents the calcu-
lated Mg(T) curves for a particle with a diameter of 10 nm,
and qualitatively the same results were obtained for systems of
different sizes (Supplemental Material, Figs. S4 and S5 [42])
as well as for thin films with thicknesses of 5, 10, and 15 nm
(Supplemental Material, Figs. S6— S8 [42]). The oxidation
directly influences the compensation temperature, as shown
in Fig. 5(c). The values depicted in the graph have been deter-
mined using two methods: by the minimum of susceptibility
and by the intersection of the Mg(T) curve with the axis
My = 0. The two approaches give very similar results, differ-
ing from each other only by a few kelvins. The differences are
greater only in the case of the smallest nanoparticles due to
the statistical fluctuations. The reduction of the compensation
temperature is directly caused by the change in the average
alloy composition towards an Fe-rich system, and for o < 1
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the nanoparticle becomes a TM-dominant alloy in the entire
temperature range. Qualitatively the same transition was re-
ported by Hebler et al. [12] as a function of the TbFe alloy
thickness, which suggests that preferential oxidation plays a
key role in layers thinner than 20 nm and significantly influ-
ences their magnetic properties. The changes are accompanied
by a shift in the Curie temperature [Fig. 5(c)] resulting from
the reduced effective magnetic coupling between the RE and
TM atoms caused by a smaller number of atoms interacting
within their first coordination shell. Our calculations for thin
films (Supplemental Material, Fig. S9 [42]) seem to confirm
these findings, where a qualitatively similar behavior to that
found for nanoparticles was revealed. However, the trend of
Tc and T, is described by a function with a slightly different
profile, which shows that a clear change in the Curie and
compensation temperatures can be expected in thin films only
at a sufficiently high oxidation rate (o < 2).

C. Chemical segregation

RE-TM amorphous alloys are metastable, and their struc-
tures undergo continuous atomic rearrangement [2,39,43].
This results in microscopic inhomogeneities and composi-
tional variability along the film-normal direction [17,38]. For

example, Haltz et al. demonstrated that the surface of the Tb-
Fe thin layer is richer in Tb, depleting the bulklike part [20].
Partial phase separation and segregation has been observed in
the same alloys also by Heigl et al. [44]. Nonuniform contrast
in the other RE-TM films along the thickness direction has
been reported by other authors as well [18,19,23,45]. The
local variations of alloy composition according to published
analyses can reach 10-20% relative to the mean, but some
authors suggest [43] that the maximum deviation may actually
be larger because the local chemical techniques average a
signal over an area that can be bigger than the fluctuation
length scale.

Since the progress of the atomic segregation in RE-TM
alloys is not yet well understood, and the reports on it are rare
and not completely consistent with each other, we assumed
two segregation scenarios. The first is to consider terbium as
a surfactant and assume its segregation to the surface, while
in the second scenario Tb atoms segregate to the center of the
nanoparticle. The concentration distributions of atoms were
assumed to be Gaussian, as shown in Figs. 6(a) and 6(b). In
each case, the content of the second element was assumed to
be such that the alloy composition averaged over the volume
of the nanoparticle was nominal and amounted to 25 at. %
Tb and 75 at. % Fe. A similar approach can be applied to
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FIG. 7. (a) Compensation and Curie temperatures determined for 10-nm nanoparticles for two scenarios: Tb atoms segregating to the
surface (open red circles) and Tb atoms segregating to the center of a nanoparticle (open green circles). (b) Ratio of compensation temperature
to Curie temperature for two segregation scenarios. o is the width of concentration distributions as defined in Fig. 6.

thin layers; however, in this case the independent variable for
element content distributions is the normalized layer thick-
ness (Supplemental Material, Figs. S10 and S11 [42]). The
outcome of atomistic simulations presenting the remanence
curves as a function of temperature is shown in Figs. 6(c)
and 6(d) for nanoparticles and in the Supplemental Mate-
rial, Fig. S12 [42], for thin films. Surprisingly, regardless of
the assumed scenario, the obtained results are qualitatively
consistent with each other. In each case, increasing the de-
gree of chemical segregation results in a general trend of
decreasing the compensation temperature and increasing the
Curie temperature. The latter effect can be associated with
the appearance of an almost pure iron phase, which has a
Curie temperature of 1043 K, much higher than the Curie
temperature of the considered TbFe alloy. Simultaneously,
changes in the compensation temperature are observed and
can be associated with a reduction of the effective antiferro-
magnetic coupling between the RE and TM atoms caused by
there being a reduced number of atoms that can interact with
atoms of different species [2,46]. The greater the segregation,
the smaller the antiferromagnetic interaction between the RE
and TM atoms, which causes a decrease in the width of the
fanning cone for the Tb and Fe moments. The Fe fanning cone
declines faster due to the higher iron content in the system and
the easier formation of the almost pure iron phase. This is ob-
served both as a decrease in the compensation temperature and
as an increase in the remanence of the Fe-rich region above the
compensation temperature. Signatures of such an influence of
nanoscale composition inhomogeneities and chemical segre-
gation on the compensation temperature were noted also by
Liu et al. [47] in TbFeCo amorphous alloys.

Closer analysis shows that the modification of the magnetic
properties depends quantitatively on the type of segregation,
which is visible in Fig. 7. When iron migrates to the center
of the nanoparticle, the compensation temperature decreases
linearly with the square of the reciprocal of the concentration
distribution width. However, when terbium migrates inside,
this relationship is quadratic, and even a slight increase in

the compensation temperature is observed for a small degree
of segregation [Fig. 7(a)]. As a result, the ratio 7,/T¢ drops
sharply and linearly as Tb diffuses to the surface. In contrast,
when Fe is a surfactant, the ratio 7,,/7¢ changes only slightly,
at least for a small degree of segregation [Fig. 7(b)]. This
gives us the opportunity to experimentally determine which
scenario is present in the system and track its course. The
full explanation of the occurrence of such relationships is not
entirely clear; however, it seems that they are universal for
spherical objects and occur for any size of nanoparticles (Sup-
plemental Material, Figs. S13 and S14 [42]). Our calculations
also predict qualitatively similar behavior of the compensation
temperature and Curie temperature in thin films; however,
due to the different geometry of the system, the shape of
T.n/Tc curves is slightly different (Supplemental Material,
Fig. S15 [42]). Since chemical segregation can be triggered
or accelerated by temperature, this effect can be used for
tailoring the systems with designed magnetization and com-
pensation temperature by controlled heating. On the other
hand, the occurrence of this effect indicates that RE-TM
alloys may slowly change their properties with time when
progressive segregation occurs, in particular when the alloys
are incidentally subjected to elevated temperatures. This may
affect their possible applications as materials for spintronic
devices or information recording and processing.

IV. CONCLUSIONS

In conclusion, we have studied three surface effects for rep-
resentative amorphous ferrimagnetic TbFe nanoparticles and
thin films of various diameters and thicknesses with 25 at. %
Tb. We have shown that the reduction of the average number
of neighbors on the surface is significant only for nanosystems
with a size of a few nanometers and cannot alone explain the
large changes in compensation temperature observed in thin
metal layers as a function of their thickness. The latter, on
the other hand, can be explained by preferential oxidation,
which may partially occur even when the alloy is covered
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with a protective layer. Our results suggest that the prefer-
ential oxidation plays a key role even for systems containing
a very low concentration of oxygen, which significantly in-
fluences their magnetic properties. Our results point also to
the importance of chemical segregation. We have shown that
regardless of its character, a general trend of decreasing the
compensation temperature and increasing the Curie tempera-
ture can be expected. Simultaneously, an increase in the net
magnetic moment at temperatures above T, is observed in
comparison with perfectly alloyed, nonsegregated systems.
Although the segregation seems to be easy to control using
heating protocols, its occurrence can cause slowly progressing
changes in the material, which is disadvantageous from the
application point of view. On the other hand, the ability to
fine-tune the compensation temperature by means of surface
effects suggests that this approach could be used to advantage.
For example, the most effective all-optical switching occurs
near the compensation temperature, which means that the con-
centration range of RE-TM alloys accessible for the switching
can be extended using nanopatterning methods or controlled
thermal treating initiating chemical segregation.

The magnitudes of all of the studied surface effects are
measurable and significant for all types of nanosystems
(nanoparticles, thin films, and patterned layers); therefore they
must be taken into account in order to obtain quantitative
agreement between magnetic simulations and experimental
outcomes. Our results also suggest an experimental way to
verify which of the processes plays a leading role in a given
system. Such experimental verification is possible, in particu-
lar, by measuring the temperature ratio 7,,/T¢ as a function of
the characteristic size of the system, as this parameter behaves
in a significantly different way depending on the considered
surface effect.
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