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We have studied structural and magnetic properties of (FePt)1−xTbx thin films grown at elevated temperatures
on MgO(100) substrates. The incorporation of Tb into the chemically ordered L10 FePt lattice gives rise to
considerable changes in the structural and magnetic properties, depending on the Tb content and the deposition
temperature. When grown at 770 ◦C, pronounced L10 ordering of the initial FePt phase is present. It vanishes
gradually with Tb addition, thereby forming additional crystalline Tb-Pt phases at higher Tb content. These
structural changes are accompanied by a strong reduction of the perpendicular magnetic anisotropy with
increasing Tb content, finally resulting in a soft magnetic material with in-plane easy-axis magnetization.
Extended x-ray absorption fine-structure measurements were performed to examine the possible incorporation of
Tb into the FePt lattice. Based on the number of Pt first neighbors, the transformation from the initial tetragonal
L10 structure to the chemically disordered fcc (A1) phase with increasing Tb content could be firmly concluded.
In a further sample series, FePt was grown at a lower temperature of 530 °C, which leads to reduced initial L10

chemical ordering. Adding Tb results in strong elastic stress in the lattice, eventually causing full amorphization
of the film. Interestingly, in this case, a spin-reorientation transition from in-plane to out-of-plane magnetic easy
axis is found at low temperatures, which is associated with an anisotropic chemical short-range order present in
the amorphous phase. Furthermore, x-ray magnetic circular dichroism studies at the Fe L3,2 and Tb M5,4 edges
for all samples reveal strong antiferromagnetic coupling between Fe and Tb, resulting in a reduction of the net
magnetization of the film.

DOI: 10.1103/PhysRevB.100.064428

I. INTRODUCTION

Chemically ordered L10 FePt alloy thin films exhibit-
ing large perpendicular magnetic anisotropy (PMA) of up
to 7 MJ/m3 [1–3] are being implemented in data storage
media for heat-assisted magnetic recording, which is ex-
pected to extend the current areal density of 1 Tb/in.2 toward
3–4 Tb/in.2 [4–8]. The material properties of FePt can be
tailored by adding third elements, e.g. Mn, Cu, Ni, Au, Ag,
or Ir, allowing control of the magnetic anisotropy, the Curie
temperature, and the crystallographic orientation as well as
lowering the ordering temperature during postannealing of
chemically disordered FePt films [9–19]. Also, the inclusion
of rare-earth elements can provide further functionalities [20].
For example, the addition of Nd, a light rare-earth element,
has previously been studied, resulting in a large enhance-
ment of the saturation magnetization of L10 chemically or-
dered FePt thin films due to ferromagnetic coupling of the
magnetic moments between Fe and Nd, making it a poten-
tial material for permanent magnets and sensor applications
[21]. By contrast, adding heavy rare-earth elements, e.g., Tb,
should result in a strong reduction of the net magnetization
due to the expectation of strong antiferromagnetic coupling

between Fe and Tb magnetic moments [22]. Furthermore, it
has been shown that the magnetization dynamics of soft fer-
romagnetic thin films can be tuned using rare-earth dopants.
For instance, for permalloy thin films, the Gilbert damping
parameter can be varied over two orders of magnitude by
addition of Tb [23]. These aspects are in particular interesting
for laser-induced magnetic reversal processes using circularly
polarized laser light, where the magnetic orientation can be
set by the helicity of the laser pulses [24,25], as demonstrated
for ferrimagnetic Tb-Fe alloys [26–29], therefore providing an
intriguing pathway for overcoming the material constraints of
high magnetic anisotropy. In this regard, it has been shown
that a low remanent magnetization is required to obtain
helicity-dependent all-optical switching [30,31], whereas high
magnetization values typically result in dominant dipolar-
driven reversal processes.

In this study, we have investigated the impact of Tb as a
third element to L10 ordered FePt thin films on their structural
and magnetic properties. It is expected that Tb will couple
antiferromagnetically to Fe, forming a ferrimagnetic material
system with high magnetic anisotropy and reduced net mag-
netization, which might be relevant for effective all-optical
switchability [30,31].
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TABLE I. Overview of the two (FePt)100−xTbx sample series.

Composition Thickness Capping Tsub

Sample name (at. %) (nm) (3 nm) (°C)

Series I
FePt Fe51Pt49 9.0 Al 530
(FePt)95Tb5 (Fe51Pt49)95Tb5 10 Al 530
(FePt)89Tb11 (Fe47Pt53)89Tb11 10.9 Al 530
(FePt)86Tb14 (Fe48Pt52)86Tb14 11.2 Al 530
(FePt)85Tb15 (Fe48Pt52)85Tb15 11.6 Al 530
(FePt)82Tb18 (Fe51Pt49)82Tb18 12.1 Pt 530
(FePt)80Tb20 (Fe48Pt52)80Tb20 11.8 Al 530
(FePt)72Tb28 (Fe50Pt50)72Tb28 10.5 Al 530

Series II
FePt Fe50Pt50 9.0 Si3N4 700
(FePt)95Tb5 (Fe50Pt50)95Tb5 9.3 Si3N4 700
(FePt)94Tb6 (Fe48Pt52)94Tb6 9.5 Al 770
(FePt)90.5Tb9.5 (Fe51Pt49)90.5Tb9.5 11.0 Al 770
(FePt)89Tb11 (Fe48Pt52)89Tb11 12.1 Al 770
(FePt)87Tb13 (Fe53Pt47)87Tb13 12.1 Al 770
(FePt)86Tb14 (Fe51Pt49)86Tb14 12.7 Al 770
(FePt)81.5Tb18.5 (Fe50Pt50)81.5Tb18.5 13.9 Al 770

II. EXPERIMENTAL

Two series of (FePt)1−xTbx thin films were sputter de-
posited on MgO(100) substrates at 530 °C (series I) and 700–
770 °C (series II). Codeposition of Fe, Pt, and Tb using indi-
vidual targets was used at an Ar pressure of pAr = 3.5 μbar.
The Tb content x was varied in the range 5–28 at. % by
altering the Tb deposition rate while keeping the Fe and Pt
rates constant. Thickness and composition were analyzed by
Rutherford backscattering spectrometry (RBS). The total film
thickness rises from 9 to 14 nm with increasing Tb content as
Tb is just added to equiatomic FePt. Furthermore, for all these
samples, 3-nm-thick capping layers (Al, Pt, or Si3N4) were
deposited at room temperature to avoid surface oxidation. An
overview of the relevant sample parameters is given in Table I.

The magnetic characterization was performed using a su-
perconducting quantum interference device-vibrating sam-
ple magnetometer (SQUID-VSM) in the temperature range
25–330 K. For selected samples, cross-section transmission
electron microscopy (TEM) studies were performed, while
the surface morphology was analyzed by atomic force mi-
croscopy (AFM). In addition, x-ray magnetic circular dichro-
ism (XMCD) absorption experiments were performed at the
high-field end station VEKMAG [32] installed at the PM2
beamline of the Helmholtz-Zentrum Berlin (HZB). X-ray
absorption spectra were acquired at the Fe L2,3 and Tb M4,5

edges (3d104 f n → 3d94 f n+1 transition) using total electron
yield (TEY) detection. The XMCD signal was received by
calculating the difference between x-ray absorption spectra
measured with two opposite directions of the external mag-
netic field applied up to ±40 kOe. Element-specific hysteresis
loops were measured at 293 and 55 K at the L3 edge of Fe and
the M5 edge of Tb at an energy where the XMCD signal had
its maximum.

The structural properties regarding the L10 structure and
phase formation were investigated by x-ray diffraction (XRD)

using Cu-Kα radiation. In order to determine the local atomic
environment of the Tb atoms in the FePt film volume, x-
ray absorption spectroscopy (XAS) was used. XAS data
were collected at the LISA-CRG beamline at the Euro-
pean Synchrotron Radiation Facility (Grenoble, France). The
monochromator was equipped with a pair of Si(311) crystals
used in dynamical focusing mode. A pair of Pd-coated mirrors
was used for harmonic rejection and vertical beam focus-
ing. Data collection was carried out at the Pt L3(11 564 eV)
edge. During data collection, the samples were kept at a
temperature of 80 K to reduce thermal atomic vibrations,
thereby enhancing the extended x-ray absorption fine structure
(EXAFS) signal. The absorption coefficient was measured via
fluorescence yield by using an energy-resolving (12)-elements
high-purity germanium detector (energy resolution of about
250 eV). XAS data extraction and fitting were carried out
with the ATHENA and ARTEMIS codes [33], while quantitative
modeling was based on simulated EXAFS signals using the
FEFF8.1 code [34].

III. STRUCTURAL ANALYSIS

ХRD (θ–2θ ) scans of sample series I prepared at 530 °C
are shown in Figs. 1(a)–1(e). For pure FePt only a low in-
tensity L10-(001) peak is detected, revealing the presence of a
small amount of the chemically ordered L10-phase [Fig. 1(a)].
In addition, higher intensities of the L10-(002) FePt and of
the A1-(002) peak of disordered FePt are observed, which
overlap with the main MgO-(200) substrate peak intensity
and cannot be well separated. With the addition of Tb up
to 11 at. %, the weak L10-(001) peak shifts towards lower
angles [Figs. 1(b) and 1(c)], while the overall intensities of

FIG. 1. XRD (θ–2θ ) scans of (FePt)100−xTbx deposited (a)–(e)
at 530 °C (series I) and (f)–(j) at 770 °C (series II). The additional
peak at 2θ = 29.2◦ is substrate related.
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FIG. 2. c-lattice parameter extracted from the peak position of
the L10-(001) superstructure reflection for both sample series. Dotted
lines are guide to the eyes.

the L10-(002) and A1-(002) reflections are getting more and
more reduced [Fig. 1(c)]. The c-lattice parameter was ex-
tracted from the peak position of the L10-(001) superstructure
reflection, which increases drastically from 3.75 to 3.93 Å by
adding up to 11 at. % of Tb (Fig. 2). Both shift and loss in
(001) peak intensity hint at incorporation of Tb into the L10

lattice presumably as an interstitial atom, which adds elastic
stress to the lattice, eventually leading to full amorphization
of the local Tb environment [Figs. 1(d) and 1(e)].

In order to promote the ordering process, FePt thin films
were prepared at higher deposition temperatures up to 770 °C
(series II, see Table I). The FePt reference sample revealed
improved chemical L10 ordering, as can be seen from the
much higher intensities of the L10-(001) and (002) reflections
[Fig. 1(f)]. However, it is difficult to extract the chemical
order parameter due to the strong overlap of the peak intensi-
ties from FePt and the MgO(001) substrate. With increasing
Tb content up to 11 at. %, the intensity of the L10-(001)
superstructure as well as that of the fundamental L10-(002)

peak drop substantially. In addition, the fraction of the A1-
disordered phase increases, as indicated by the shift of the
overlapping (002) peaks toward lower angles [Figs. 1(f)–
1(h)]. Adding 14 at. % of Tb leads to the formation of a
Pt2Tb phase, as observed by the appearance of an additional
(111) peak at 2θ = 20.4◦ and confirmed by additional studies
of Pt-Tb alloys (not shown). With further increase of the
Tb amount, the PtTb phase forms, as can be seen by the
presence of (200) and (020) peaks at 2θ = 20.41◦ and 30.18°,
respectively. By contrast to series I, the c-lattice parameter,
extracted from the L10-(001) peak position, does not change
with Tb content (Fig. 2). Thus, it can be concluded that Tb
is not incorporated into the L10 lattice, but rather forms a
crystalline Pt2Tb or PtTb phase [Fig. 1(i)]. As more and more
of Pt is consumed in the PtTb intermetallic compound, mostly
an Fe-rich A1-FePt phase remains with a very small fraction
of L10-ordered FePt [Fig. 1(j)].

These structural properties were also investigated by TEM.
A cross-section image of a (FePt)85Tb15 film prepared at
530 °C is shown in Fig. 3(c). Close to the MgO(001) substrate
surface, small crystalline areas are observed, while most of
the remaining part of the thin film is amorphous. By contrast,
mostly crystalline grains with different orientations corre-
sponding to the disordered A1 FePt phase can be observed
for the (FePt)81.5Tb18.5 film deposited at 770 °C [Fig. 3(f)].
In this regard, Hellman et al. [35] have investigated in de-
tail the amorphous-crystalline phase diagram of Tb-Fe thin
films as function of deposition temperature and composition.
They reported that at a deposition temperature of 530 °C an
amorphous phase forms for Tb concentrations greater than
15 at. %, while for a deposition temperature of 770 °C an
amorphous phase is only formed beyond 30 at. % of Tb.
These observations are in agreement with our findings for
series I, where (FePt)100−xTbx samples with higher Tb content
are becoming amorphous, while for series II only crystalline
phases are observed. Moreover, the sample morphology of
FePt and FePtTb films (with high Tb content) was investigated
by AFM for both series. As shown in Figs. 3(a)–3(b) and

FIG. 3. AFM images of selected samples (a), (b) of series I and (d), (e) of series II; TEM cross-section images for the samples (c)
(FePt)85Tb15 deposited at 530 °C and (f) (FePt)81.5Tb18.5 deposited at 770 °C.
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FIG. 4. EXAFS signals (left) at the Pt L3 edge and the corre-
sponding amplitude of the Fourier transform (right) of the reference
FePt and (FePt)1−xTbx samples with x = 5, 11, and 18.5 at. % of
series II. Experimental data (scatter) and fits (line) are shown.

Figs. 3(d)–3(e) for both series, a strong island growth is
revealed and with addition of Tb a substantial lowering of the
root-mean-square roughness is observed.

IV. EXAFS CHARACTERIZATION

EXAFS studies have been carried out on selected sam-
ples of series II. A model based on Pt-Pt and Pt-Fe single-
scattering paths generated by the L10 tetragonal structure was
used to study the FePt reference sample of series II: The fit
has been performed on the Fourier-transformed space in the
range 1.5–3.5 Å, where only the nearest-neighbor contribu-
tions are included for the k2-weighted EXAFS data in the

range 4–12 Å
−1

using Hanning windows with an apodization

parameter dk of 1 Å
−1

. The free-fitting parameters used in

the analysis are the RPt−Pt and RPt−Fe distances, the shift of
the energy origin �E0, the Debye-Waller factor (σ 2), and the
number NPt of Pt first neighbors, which is expected to be four
in the fully L10 ordered phase and six for the disordered A1
phase. In Figs. 4(a) and 4(b) the EXAFS signal of the FePt ref-
erence sample taken at the Pt L3 edge and the corresponding
amplitude of the Fourier transform (FT) are presented. The
resulting fitting parameters, summarized in Table II, indicate
a high crystallographic quality with a significant difference
between Pt-Pt and Pt-Fe distances, confirming the tetragonal
structure of the L10 phase. In order to highlight the effect of
Tb addition on the chemical and structural properties of the
ternary alloy, EXAFS spectra were collected on samples with
different Tb content. A substitutional model was considered,
aimed to verify if Tb atom substitutes the Fe or Pt atoms
in the L10 FePt lattice. According to the method applied
for the L10 FeCuPt system in Ref. [36], scattering paths
were calculated after creating substitutional defects of Tb on
both Pt (TbPt ) and Fe (TbFe) sites in the L10 FePt structure
and all the data were fitted by a model based on a linear
combination of Pt-Fe, Pt-Pt, Pt-TbPt, and Pt-TbPt paths on the
Pt sites. For all samples, the fit excluded the presence of a Tb
scattering element in the first neighbors shell around Pt. As a
consequence, a pure FePt model has been considered to fit the

FT data in the range R = 1.5–3.2 Å and k = 2–10 Å
−1

, with
a fixed number of first-shell neighbors (equal to 12 for both
the fcc and face-centered tetragonal structures). The results
of selected samples are shown in Figs. 4(c)–4(h) and the
resulting free-fitting parameters are summarized in Table II.

The effect of Tb on the FePt lattice can be evidenced by the
contraction of all the distances and, more precisely, by the de-
formation of the tetragonal structure towards cubic symmetry,
characteristic for the chemically disordered A1 FePt structure.
Also, the increase of NPt value confirms this evolution. In fact,
NPt = 6 is expected for the A1-disordered crystallographic
phase, where the positions of 12 nearest-neighbor atoms are
equally distributed between the two elements of Fe and Pt;
however, the experimental error does not allow for a precise
determination of the degree of L10 ordering.

V. MAGNETIC PROPERTIES

Room-temperature M-H hysteresis loops of (FePt)1−xTbx

(x = 0, 5, 11, 14, and 18 at. %) thin films of sample se-
ries I prepared at 530 °C are shown in Figs. 5(a)–5(e). All
samples, including the FePt reference sample, reveal an in-
plane easy axis of magnetization with a low coercivity at
300 K [Fig. 6(b)]. The effective magnetic anisotropy Keff

TABLE II. Fitting parameters of the Fourier transforms of the EXAFS signals for (FePt)1−xTbx samples with x = 0, 5, 11, and 18.5 at. %
deposited at T = 700–770 ◦C (series II).

Sample NPt RPt−Pt RPt−Fe σ 2

name (atoms) (Å) (Å) (Å
2
)

FePt 4 ± 2 2.735 ± 0.005 2.676 ± 0.004 0.0010 ± 0.0005
(FePt)95Tb5 5 ± 1 2.75 ± 0.02 2.66 ± 0.01 0.0050 ± 0.0010
(FePt)89Tb11 5 ± 2 2.71 ± 0.04 2.66 ± 0.02 0.0070 ± 0.0010
(FePt)81.5Tb18.5 7 ± 1 2.69 ± 0.03 2.62 ± 0.01 0.0040 ± 0.0010
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FIG. 5. OOP and IP M-H hysteresis loops measured at 300 K for
(FePt)100−xTbx films of (a)–(e) series I and (f)–(j) series II.

was extracted from the area difference between the averaged
M-H loops measured in out-of-plane (OOP) and in-plane (IP)
geometry. Negative Keff values confirm that the magnetic
anisotropy is basically given by the magnetic shape anisotropy
[Fig. 6(c)]. This behavior is in fact expected as most of the film
consists of the chemically disordered A1 FePt phase and also
becomes amorphous for samples with a Tb content higher than
11 at. % [see Figs. 1(c)–1(e)]. Most apparent is the impact
of Tb on the saturation magnetization, which gets strongly
reduced by more than 60% down to 400 emu/cm3 at 18 at. %
of Tb, as summarized in Fig. 6(a). This behavior can be
explained by the antiferromagnetic coupling between the Fe
and Tb moments, resulting in partial moment compensation,
as will be discussed later.

By contrast, for series II prepared at 700–770 °C a pro-
nounced L10 (001) structure is obtained for the FePt reference
film, resulting in strong PMA of about 1.3 MJ/m3 [Fig. 5(f)
and Fig. 6(c)]. However, with the addition of up to 5 at. % of
Tb, Keff , and HC are strongly reduced, as a result of reduced
chemical order of the L10 phase [Figs. 6(b) and 6(c)]. Further
Tb addition leads to a full loss in PMA, resulting in an
in-plane easy axis of magnetization with a small coercivity

FIG. 6. Dependence of the (a) saturation magnetization, (b) co-
ercivity (easy axis), and (c) effective magnetic anisotropy, obtained
at 300 K, on the Tb content for both sample series. Lines are guide
to the eyes.

at room temperature. In addition, a reduction in saturation
magnetization is observed as well with increasing Tb content
[Fig. 6(a)].

Since magnetic anisotropy and thus the orientational dis-
tribution of the Tb moments may vary with temperature, also
the net magnetization is expected to change. To investigate
this behavior, M versus T curves were measured, as shown in
Fig. 7. Taking into account the magnetization easy-axis direc-
tion, the measurements were separated into two groups with
(i) samples exhibiting out-of-plane and (ii) in-plane magnetic
anisotropy. The samples were first saturated in a magnetic
field of 70 kOe along the relevant easy-axis direction at room
temperature and then cooled in zero field down to 25 K. Then,
a guiding field of 1000 Oe was applied and the magnetization
was measured along the easy-axis direction during heating up
to 325 K. FePt-Tb samples with up to 11 at. % Tb of series
II showed a slight increase in magnetization with decreasing
temperature due to reduced thermal agitation of the dominant
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FIG. 7. Magnetization in the easy-axis direction (a) OOP and
(b) IP depending on the Tb content for (FePt)100−xTbx film samples
of series II.

total Fe moment following basically the behavior of the FePt
reference sample. By contrast, FePt-Tb samples with larger
Tb content showed a reduction of the magnetization at a
certain temperature. This behavior is typically observed in
Tb-rich Tb-Fe alloys [22,37], where the magnetic moment of
Tb, which is preferably antiparallel aligned to Fe, increases
more strongly than the Fe moment, resulting in a net reduction
in the total magnetic moment.

We have also investigated the temperature-dependent mag-
netic properties of sample series I. Exemplarily, M-H hystere-
sis loops taken at different temperatures for the (FePt)86Tb14

film sample are shown in Figs. 8(a)–8(c). Here, most interest-
ingly, a spin-reorientation transition (SRT) indicated by the
appearance of strong PMA with an out-of-plane easy-axis
magnetization is observed at temperatures below 250 K. The
transition temperature for this sample series was determined
by plotting Keff as function of temperature, as summarized in
Fig. 8(d). In this case, positive Keff values correspond to PMA,
while negative values indicate in-plane magnetic anisotropy.
As shown in Fig. 8(e), the SRT temperature increases from
120 K to above room temperature by increasing the Tb content
from 11 to 18 at. %, respectively.

Typically, in amorphous Tb-Fe-based alloy thin films the
origin of PMA is associated with an anisotropic chemical
short-range order (SRO), where atomic next-neighbor dis-
tances and number of Tb-Tb, Fe-Fe, and Tb-Fe pairs are
different in out-of-plane and in-plane direction (pair-order
anisotropy). In the out-of-plane direction (growth direction),
a preference exists for Tb-Fe near-neighbor pairing [38–46],
which can be induced by selective resputtering effects during

FIG. 8. Out-of-plane and in-plane M-H hysteresis loops of the
(FePt)86Tb14 film of series I measured at (a) 300 K, (b) 190 K, and
(c) 55 K. Please note that magnetic-field scale in (a) and (b) is
different from (c). (d) Effective magnetic anisotropy and (e) spin-
reorientation transition temperature of (FePt)100−xTbx film samples
of series I.

sputter deposition at room temperature [38,47]. For our FePt-
Tb thin films of series I, we observe a slight increase in Keff

towards positive values at room temperature with higher Tb
content [Fig. 6(c)], which is accompanied by a higher degree
of amorphization. Thus, the presence of an anisotropic chem-
ical SRO with a preference of Tb-Fe near-neighbor pairing
is expected to be the origin of PMA similar to amorphous
Tb-Fe-based alloys [22,37]. As the saturation magnetization
gets reduced with lowering the temperature [see Figs. 8(a)–
8(c), Fig. 9], the contribution of the magnetic shape anisotropy
gets weaker and eventually gets overcompensated by the PMA
(due to pair-order anisotropy), resulting in a SRT.

In order to see the variation of the magnetization in par-
ticular below the SRT, we plotted the out-of-plane remanent
magnetization Mr

OOP as a function of temperature (Fig. 9).
Above the SRT temperature, the Mr

OOP values are rather low
as the systems exhibit an in-plane easy-axis orientation. By

FIG. 9. Out-of-plane remanence magnetization as function of
temperature of (FePt)100−xTbx film samples of series I.
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FIG. 10. XMCD element-specific hysteresis loops of Fe and Tb
measured at (a), (b) 293 K and (c), (d) 55 K. The dips in the hysteresis
loops close to zero magnetic field are x-ray intensity artifacts which
are typical for TEY detection [53].

crossing the SRT temperature, a pronounced increase in MOOP
r

is observed, which is consistent with the onset of PMA, shown
by the sign change of Keff [Fig. 8(d)]. Further lowering of the
temperature results in a decreasing MOOP

r , which is associated
with an increasing Tb net moment, approaching the expected
compensation at higher Tb contents.

In order to discern the influence of each element on the
net magnetization and reveal the relative orientation of Fe
and Tb magnetic moments, XMCD measurements have been
performed in total electron yield mode at the Fe L2,3 and
Tb M4,5 edges (at 293 and 55 K) for the (FePt)86Tb14 film
sample of series I. All spectra have been measured in an
applied magnetic field up to 20 and 40 kOe at 293 and 55 K,
respectively. In order to acquire the XMCD data, the field
has been reversed. The shape of the Fe spectrum (not shown)
corresponds to the typical metallic Fe configuration [48] and
there are no signs of oxidation [49]. As expected, an opposite
sign of the dichroism signal observed at the Fe and Tb edges,
indicating an antiferromagnetic alignment of the two magnetic
moments [22], was observed.

Element-specific magnetic hysteresis loops have been
recorded by measuring the peak height of the Tb M5 and Fe L3

absorption edges as a function of the applied magnetic field
for the (FePt)86Tb14 film (series I) in out-of-plane geometry
at 293 K [Figs. 10(a) and 10(b)] and 55 K [Figs. 10(c) and
10(d)]. The loops of Tb and Fe are inverted and show exactly
the same shape of magnetic reversal behavior, implying strong
antiferromagnetic exchange interaction between these two
elements. Furthermore, a change in easy axis of magneti-
zation from in-plane to out-of-plane orientation is observed
at 55 K, which is in nice agreement with SQUID-VSM
results [Figs. 8(a)–8(c)]. The same correspondence of the
element-specific hysteresis loops shape was observed for the
samples of series II, indicating antiferromagnetic exchange
interaction between Tb and Fe as well (not shown). It is worth
noting that this behavior is quite different compared to FePt
with Nb addition where XMCD studies revealed no magnetic

FIG. 11. (a) Calculated L and R-polarized Tb M4,5 XAS spectra
using QUANTY multiplet theory are shown together with the corre-
sponding nonmagnetic average (L/2 + R/2) and difference (L − R)
XMCD spectrum. In (b) the experimental nonmagnetic average and
the XMCD spectra of (FePt)86Tb14 (series I) for 55 and 293 K are
shown. Calculated XAS spectra of (FePt)86Tb14 sample (series I)
are shown for (c) 55 K and (d) 293 K together with corresponding
experimental XMCD spectra.

correlation between Fe and Nd above 6 at. %, most likely due
to structural phase separations occurring in these films [21].

In order to extract the spin (ms) and orbital moment (ml )
of Fe, sum rules were applied, giving a total magnetic mo-
ment of Fe per atom of 1.92μB (ms = 2.00 ± 0.30μB, ml =
−0.08 ± 0.30μB,) at room temperature and 2.13μB (ms =
2.13 ± 0.11 μB, ml = 0.00 ± 0.05 μB) at 55 K.

Unfortunately sum rules cannot easily be applied for the
Tb M4,5 edges, due to the magnetic dipole operator 〈TZ〉 and
M4,5 mixing phenomena [50,51]. Therefore, we performed
atomic multiplet calculations (Fig. 11) using the QUANTY code
from Haverkort et al. [52]. This calculation provides XAS
spectra for any given light polarization, here left (L), right
(R), and linear (Z) polarized. In Fig. 11(a) the calculated
L and R-polarized XAS spectra are presented together with
the nonmagnetic average (L/2 + R/2) and the corresponding
(L-R) XMCD spectrum. Figure 11(b) shows the experimen-
tal nonmagnetic average and the XMCD spectra at 55 and
293 K of (FePt)86Tb14 (series I). Further, in Figs. 11(c) and
11(d) these experimental data are presented together with
the corresponding QUANTY fits for both temperatures. The
nonmagnetic spectra have been fitted by a superposition of
simulated L, R, and Z-polarized spectra. In addition, the
simulated (L-R) XMCD spectra have been scaled down to
match the measured XMCD spectrum by a factor of 0.30
for 55 K and 0.12 for 293 K. XMCD and XAS spectra
are in almost perfect agreement with respect to the QUANTY

simulation results. Especially, the XMCD spectra resemble
every tiny feature present in the simulations. Therefore, we
can firmly conclude that the Tb is in an almost pure Tb3+
state and the spin and orbital momenta are exactly the same
as given from theory, but not saturated and therefore simply
reduced by a single factor for each temperature. The full
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saturated expectation values from QUANTY for Tb3+ are for
the orbital momentum L = 3.057 and spin momentum S =
2.943, which are also in perfect agreement with the results
published earlier by Teramura et al. [50]. From the fit and
the reduction factors (0.30 for 55 K and 0.12 for 293 K), we
obtain for our sample a total magnetic moment mtot (55 K) =
(L + 2 × S) μB = (0.92 + 2 × 0.88) μB = 2.68 μB and mtot

(293 K) = (0.37 + 2 × 0.35)μB = 1.07μB. Both values are
clearly far below saturation. One of the main reasons for the
large discrepancy in magnetic moment of Tb is based on
the fact that we probe with XMCD only the projection of
the magnetic moment onto the photon beam direction. For
sperimagnetic TbFe alloys, it is well known that the mag-
netic moments are not collinearly aligned but reveal a large
angle distribution depending on the local magnetic anisotropy
and exchange couplings, as already mentioned, which will
certainly result in a strongly reduced magnetic moment in
out-of-plane direction.

VI. SUMMARY

FePt thin films deposited on MgO(001) at 530 °C show
rather weak L10 chemical ordering. With addition of Tb, a
shift of the c-axis lattice parameter is observed, indicating that
Tb is likely located at interstitial sites adding elastic stress
to the lattice, which eventually results in full amorphization
of the films. Interestingly, a spin-reorientation transition from
in-plane easy axis towards out-of-plane easy axis of magne-
tization was observed at low temperatures. The onset tem-

perature of SRT can be increased towards room temperature
with increasing Tb content. Higher deposition temperature of
700–770 °C promotes chemical ordering and (001) orientation
growth of the L10 FePt phase with strong PMA. With addition
of Tb, a reduction in L10 ordering and PMA is observed. At
a Tb content higher than 11 at. % the formation of crystalline
Tb-Pt phases is observed. X-ray magnetic circular dichroism
studies show that for both sample series, Tb and Fe are
strongly antiferromagnetic exchange coupled but with a non-
collinear alignment of the magnetic moments, thus forming a
sperimagnetic system with reduced saturation magnetization.
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