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Polarized and unpolarized neutron diffraction techniques have been applied to
study the temperature-dependent magnetic and structural properties of four
200 nm-thick Fe50Pt50xRhx films with x = 5, x = 10, x = 17.5 and x = 25. Similar to
the bulk system, an antiferromagnetic to ferromagnetic transition can be found
in the films with decreasing Rh concentration. The application of structure
factor calculations enables one to determine the microscopic magnetic
configuration of the different films as a function of temperature and Rh
concentration. The developed models indicate a magnetic transition from a
dominant antiferromagnetic order in the out-of-plane direction to a dominant
ferromagnetic order in the in-plane direction with decreasing Rh concentration.
The different magnetic configurations can theoretically be described by a
phenomenological model which includes a two-ion and a one-ion interaction
Hamiltonian term with different temperature dependencies of the anisotropy
constants.

1. Introduction
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The improvement of fabrication techniques for artificially
structured thin films allows the structural control of these
systems at an atomic level (Thiele et al., 1998; Brown et al.,
2003). It turns out that this artificial structural confinement
sometimes reveals new unique physical properties, which are
not present in the parent bulk compounds. The magnetic
properties of a thin-film system, for example, are particularly
sensitive to dimensionality and structural effects which offer
new insights into the physics and provide new opportunities
for technological applications.
For example, the structure of the FePt system near the
equiatomic composition can be changed from a disordered
face-centered-cubic structure to an ordered face-centeredtetragonal structure by post annealing. Associated with the
structure transformation is a drastic change of the magnetic
properties. Both materials show ferromagnetic (FM) behavior,
but during the annealing process the FePt alloys change from
soft magnetic behavior to a hard magnetic phase with coercivities of up to 9 kOe [9  103/(4) A m1] (Minh et al.,
2002). Furthermore, these hard-magnetic FePt alloys usually
exhibit high magnetic anisotropies (KU = 6.6–10 
107 erg cm3 = 6.6–10  106 J m3) (Weller et al., 2000). These
properties together with the high magnetization which is a
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general characteristic of FePt alloys make the ordered FePt
alloy a promising candidate for future applications, for
example, for high-density recording media.
The magnetic properties of the FePt system can further be
tuned by the introduction of a third element into the crystal
matrix. The addition of Ni or Cu into the FePt alloy replacing
the Fe atoms, for example, lowers the Curie temperature and
the coercivity. Another interesting material in this context is
Rh, since it is well known that the FeRh system near the
equiatomic composition has a body-centered-cubic (b.c.c.)
structure and undergoes an antiferromagnetic to ferromagnetic transition with increasing temperature.
The impact of the addition of Rh atoms replacing the Pt
atoms in bulk FePt alloys on the magnetic properties and the
structure has been studied by Yuasa and co-workers (Yuasa et
al., 1994, 1995; Takizawa et al., 2001; Yuasa & Miyajima, 1993;
Algarabel et al., 1996; Takizawa et al., 2001). Bulk
Fe50Pt50xRhx alloys with x > 42 have a b.c.c. structure, while
alloys with x < 42 have a centered tetragonal (c.t.) structure.
Macroscopic measurements using magnetometry, Mössbauer
spectroscopy and X-ray diffraction have shown that in a
composition range 9.5 > x > 0 Fe50Pt50xRhx alloys are
ferromagnetic and the Curie temperature can be increasingly
lowered with increasing Rh concentration. On the other hand,
in the concentration range 30 > x > 14.25 an antiferromagnetic
(AF)–paramagnetic (PM) transition can be observed. In
certain composition ranges (14.25 > x > 9.5) even an AF–FM
transition like in FeRh can be observed.
The previous investigations of the bulk Fe50Pt50xRhx
system (Yuasa et al., 1994, 1995; Takizawa et al., 2001; Yuasa &
Miyajima, 1993; Algarabel et al., 1996; Takizawa et al., 2001)
have provided information about the macroscopic magnetic
properties of the system, but the underlying mechanism of the
magnetic phase transitions and the effect of the doping are still
under debate. For a better understanding of the mechanism,
knowledge of the magnetic spin configuration is essential.
Earlier, we studied the magnetic properties and spin
configuration of a 200 nm-thick Fe50Pt40Rh10 film. Interestingly, for the thin-film case a reorientation of the magnetic
moments from a dominant in-plane alignment to out-of-plane
alignment was observed (Lott et al., 2008), which is attributed
to competing anisotropy contributions with different
temperature dependence.
The aim of this work is to study the temperature-dependent
magnetic properties and spin configurations of 200 nm-thick
Fe50Pt50xRhx films for a large range of Rh compositions (x 
25%). Three films with x = 5 (FPR5), x = 17.5 (FPR17) and x =
25 (FPR25) were studied by unpolarized and polarized
neutron diffraction. For the earlier investigated film with x =
10 (FPR10), additional reflections were measured to verify the
previous determined spin configuration.
Our experimental results and their interpretation reveal
that for higher Rh concentrations the dominant magnetic
order of the Fe50Pt50xRhx films is AF in-plane. With reduction of Rh, the dominant magnetic order changes to AF outof-plane and further to FM order in-plane for low Rh
concentrations. These transitions of the magnetic configuraJ. Appl. Cryst. (2015). 48, 1142–1158

tion and their temperature dependence will be discussed in
detail in the following.

2. Growth and structural characterization of the film
Four epitaxial Fe50Pt50xRhx alloy films with x = 5, 10, 17.5 and
25 were grown by magnetron co-sputtering in an ultra-high
vacuum chamber with a base pressure of less than 1 
108 mbar, back filled with ultrapure Ar to a pressure of
4.5  103 mbar (1 bar = 105 Pa). Single-crystal MgO(001)
was used as the substrate material, which was degassed at
973 K for a few hours prior to the deposition of the layers. A
layer of Cr (3 nm) followed by a layer of Pt (12 nm) was used
as the seed layer combination for the growth of L10 ordered
Fe50Pt50xRhx films (Thiele et al., 1998). To prevent oxidation
the alloy was capped with a Pt layer of 2 nm thickness
2.1. X-ray characterization

The chemical order and the quality of the crystal structure
of the Fe50Pt50xRhx films were examined by X-ray diffraction
using Cu K radiation at room temperature. Fig. 1 shows the
X-ray diffraction scans for the 200 nm-thick films with
different Rh concentrations probing the sample along the
growth direction (out-of-plane). Besides the MgO 002 reflection of the substrate, all four films show the 001 and 002
reflections of Fe50Pt50xRhx. The shifts in scattering angle
indicate a lattice contraction perpendicular to the sample
plane (c direction) with increasing Rh content (see Fig. 1). The
appearance of the first-order reflection 001 is a signature of
chemical order in the L10 structure of the Fe50Pt50xRhx films,
with Fe atoms occupying one site and Pt and Rh occupying the
other site of the structure. Here the order parameter is a
measure of the fraction of Fe atoms occupying the proper sites.
If the films were chemically disordered the first-order reflection would be structure factor forbidden (Krawitz, 2001;
Cowley, 1986; Schwartz & Cohen, 1977). The L10 structure of
the Fe50Pt50xRhx alloys is sketched in Fig. 2. Fig. 3 shows the
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Figure 1
Comparison of the X-ray diffraction scans for the 200 nm-thick
Fe50Pt50xRhx films with Rh concentrations of x = 5, 10, 17.5, 25 (offset
for clarity).
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scattering plane for the diffraction measurements and the
orientation of the different directions in the films.
The degree of the chemical order of the Fe50Pt50xRhx films
can be quantified by the order parameter S, which is proportional to the ratio of the first- and second-order integrated
peak intensities (Takasugi et al., 1990). Fig. 4 plots the order
parameter S as a function of Rh concentration. As can be seen,
all films are chemically well ordered, with higher Rh concentrations approaching perfect chemical order (S = 1).
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Figure 2

Fig. 5 plots ’ scans about the 011 peak position of the film
and about the 220 position of the MgO substrate for the FPR5
film (the ’ scans of the other films are practically identical and
are not shown here). The scans reveal a fourfold symmetry of
the films and an in-plane rotation of the crystallographic axes
of the film and the MgO substrate of 45 .
Fig. 6 shows the lattice parameters a and c for the different
Rh concentrations determined by X-ray diffraction. It can be
seen that c decreases with higher Rh concentration from
3.728 Å for x = 5 to 3.556 Å for x = 25. Contrary to that, the inplane lattice parameter a increases with higher Rh content
from 2.741 Å for x = 5 to 2.779 Å for x = 25. As a consequence
of the increase and decrease of the lattice constants a and c,
respectively, the c/a ratio decreases with increasing Rh
concentration from 1.358 for x = 5 to 1.278 for x = 25. The c/a
ratios are in good agreement with the bulk behavior (Yuasa et
al., 1995).

3. Neutron diffraction measurements
The neutron diffraction measurements were carried out at the
POLDI instrument at the Helmholtz-Zentrum Geesthacht, as
well as at the diffractometer D23 and the triple-axis spectro-

Geometry of the c.t. structured Fe50Pt50xRhx films. In the c direction the
films build natural multilayers with alternating planes of Fe atoms (white)
and Pt/Rh atoms (red) (inset left). Top view of the c.t. structured
Fe50Pt50xRhx films (right).
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Figure 4
Order parameter S of the different Fe50Pt50xRhx films.
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Figure 3
Geometry of the diffraction experiments (a). The scattering vector Q is
determined by rotating the sample about the [110] axis. The relevant
reciprocal lattice vectors for the tetragonal structure (b). For a c/a ratio of
about 1.3, the angle between the [111] and [110] vectors is = 28 and
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Figure 5
’ scan of the Fe50Pt45Rh5 film (green line) around the 011 peak position
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Figure 6
Comparison of the lattice parameters a and c (solid circles and squares) of the film with the lattice constants of the bulk system (Yuasa et al., 1995) (open
symbols). The right side displays the c/a ratio of the 200 nm films (solid triangles) and the bulk system (open triangles).

meters IN12 and IN3 at the ILL in Grenoble. POLDI and D23
are two-axis diffractometers located at thermal neutron guides
using a PG(002) monochromator. For the /2 suppression,
respectively, a velocity selector and a graphite filter were used.
Both devices compress the /2 contamination to less than
0.1% for the selected wavelength of 1.8 and 2.38 Å, respectively. 3He-filled pencil counters were used for the detection of
the neutrons. For the neutron measurements, the sample was
rotated horizontally around the angle  while the arm with the
detector was rotated by 2.
IN12 and IN3 are three-axis spectrometers using cold and
thermal neutrons, respectively. In the following experiments
both instruments were set up in the elastic mode as a
diffractometer. For the experiments at IN12 the wavelength
was set between 4.18 and 5.2 Å by a vertical focusing PG(002)
monochromator. A Be filter provided the /2 suppression at
IN12. For the unpolarized measurements IN12 was equipped
with a horizontal focusing PG(002) monochromator at the
analyzer position, providing a low background. For the
polarized measurements with polarization analysis IN12 uses a
supermirror bender which is installed between the monochromator and the sample, providing a polarization degree
>95%. The analysis is done using a Heusler (111) monochromator. The necessary magnetic guide field to conserve the
neutron polarization state is provided by a Helmholtz coil
installed around the sample. The spin state of the incoming
and reflected neutrons was defined by two spin flippers. At
IN3 the wavelength was set by a PG(002) monochromator
between 1.9 and 4.8 Å. The polarization of the neutrons was
provided by a supermirror bender and for the analysis a
curved Heusler (111) monochromator was installed between
the sample and detector. The magnetic guide field was
provided by permanent magnets and the spin state was chosen
by two spin flippers. The detection of the neutron for IN12 and
IN3 is done by a 3He-filled pencil counter. Both three-axis
spectrometers at the ILL offer high neutron flux and low
background, providing good conditions to measure the very
low scattering signals that are expected from thin films, in
particular for polarized neutron diffraction with polarization
analysis.
J. Appl. Cryst. (2015). 48, 1142–1158

For the temperature investigations at POLDI a closed-cycle
refrigerator and a cryofurnace with a temperature range from
10 to 325 K and from 4 to 475 K, respectively, were used. At
IN12, IN3 and D23 orange cryostats and cryofurnaces were
used to set the temperature from 1.5 to 300 K and from 1.5 to
500 K, respectively.

3.1. Unpolarized neutron scattering

By the use of unpolarized neutron diffraction measurements we investigated the peak intensities at the half- and
first-order Bragg peak positions along the out-of-plane [001]
and the in-plane [100] directions of the films. Additional
measurements were carried out at the 111, 121212 and 12120 Bragg
peak positions of the films. The position of the 110 Bragg peak
was out of the angular range of the used instruments, but
information about the magnetic and nuclear structure of the
thin films can be extracted from the other reflections.
Fig. 7 shows the integrated peak intensities of the
Fe50Pt50xRhx films corrected for sample illumination and Q
dependence of the magnetic form factors and normalized to
the beam monitor counts.
The first-order reflection 001 has in all four films only a
small and temperature-independent constant intensity and can
therefore be denoted as a pure nuclear Bragg peak. This
indicates the absence of FM order in the out-of-plane direction in all four films. Constant integrated intensity was also
observed for the 100 reflection of the FPR25 and FPR17 films.
On the other hand, a strong temperature dependence of the
100 reflections was found for Rh concentrations less than x 
10. The FPR5 film shows a decaying of the integrated intensity
with temperature increase, while the FPR10 film shows an
initial increasing 100 intensity with temperature, a maximum
at T = 300 K and a diminishing of the intensity at about T =
450 K. The constant and temperature-dependent intensity of
the 100 reflection, respectively, indicate the absence of FM
order in the in-plane direction for Rh concentrations x  17,
while the films with Rh concentrations x  10 have contributions from FM order in the in-plane direction.
Jochen Fenske et al.
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The AF half-order reflections 0012, 1200 and 121212 show a strong
temperature dependence for the films with high Rh concentrations x  10, while they could not be detected in the FPR5
film. The presence and absence of the half-order reflections
indicate AF order in the films with x  10, while it is absent in
the FPR5 film.
The FPR5 and FPR17 films show only intensity at the firstand half-order Bragg peak positions, respectively, indicating
that the films are in a single FM and AF magnetic state,
respectively, before they become PM above T = 521 K and T =
408 K, respectively. For the latter the intensity of the out-ofplane 0012 reflection is prominent, indicating a dominant AF
order in the out-of-plane direction. The FPR10 film shows
intensity at the peak positions of the half- and first-order
reflections. Here the former are prominent at low temperature
(T < 300 K), while the integrated intensity of the first-order
reflection becomes dominant for higher temperature, indicating a temperature-driven AF–FM transition. The FPR25
film shows only half-order reflections which are temperature
dependent. At low temperature (T < 200 K) the intensity of
the 121212 reflection is prominent, while for higher temperature
the 0012 and 1200 reflections become dominant. The change of
the dominant integrated intensity indicates a temperaturedriven transition in the film between different AF configurations.
To determine the different transition temperatures, a power
law of the form ½IðTÞ1=2 ¼ ð1  T=Tc Þ with Tc denoting the
magnetic transition temperature and  the critical exponent
was used. The power law was also used to fit the decay of the
integrated intensity of the different reflections. The results of
these fits are summarized in Table 1.
The 12120 reflection could not be measured in any of the films.
The AF to FM transition with decreasing Rh concentration
is in good agreement with the results of the bulk Fe50Pt50xRhx
system. Differences were observed in the lower magnetic
order temperatures of the 200 nm-thick films and in the
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The Néel temperature is underlined and the Curie temperature is written in
bold.

FPR5
FPR10
FPR17
FPR25

111

100

0012

1
200

111
222

T = 510 K
 = 0.31
–
–
–
–
–
–

T = 521 K
 = 0.31
T = 414 K
 = 0.29
–
–
–
–

–
–
T = 330 K
 = 0.24
T = 408 K
 = 0.15
T = 354 K
 = 0.3

–
–
T = 252 K
 = 0.3
–
–
T = 469 K
 = 0.2

–
–
T = 230 K
 = 0.3
–
–
T = 276 K
 = 0.14

broader AF–FM transition temperature range in the FPR10
film (150–330 K). As a new feature of the FPR25 film,
compared to the bulk material, a transition between different
AF configurations was observed around T = 276 K.
3.2. Polarized neutron scattering

Unpolarized neutron diffraction allows the determination
of the type of magnetic order of the films in different crystallographic directions. To gain further information about the
actual orientation of the magnetic spins of the different films,
polarized neutron diffraction with polarization analysis was
performed. During the measurements a magnetic guide field
was set along one in-plane direction, which will be defined
here as the b axis of the films.
In the presentation of the data, we will not distinguish
between I+ and I+ or between I++ and I (see
Appendix B for definitions), since in all measured cases these
intensities were equal. There was no indication of more
complex spin structures like helical configurations for which
the spin-flip (SF) intensities could be unequal.
Fig. 8 shows the results of the polarization analysis of the
four films. In contrast to the other films, for the FPR5 film the
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magnetic guide field was applied along the a axis of the film.
As a consequence, the magnetic field and the scattering vector
of the 100 reflection were parallel and the intensity of both
non-spin-flip (NSF) channels had only contributions from
nuclear scattering. The 100 reflections of the FPR5 and FPR10
films, however, exhibit SF intensity in both cases, indicating
that the FM order in the in-plane direction is due to components of the spins aligned in the out-of-plane direction along
the c axis of the film.
The 0012 reflections of the films with x  10, on the other
hand, show NSF and SF intensity in the polarization analysis.
The intensity in both scattering channels indicates that

components of the spins along the a and b axes contribute to
the AF order in the out-of-plane direction. The intensity of the
NSF and SF channels is in all films almost identical, except in
the FPR10 film at low temperature. Here, the SF channel is
more prominent, indicating a dominant contribution of
components of the spins along the a axis to the AF order. For
the 1200 reflection the polarization analysis of the FPR10 and
FPR17 films shows only NSF scattering, indicating that only
components of the spins along the b axis contribute to the AF
order in the in-plane direction. The 1200 reflection of the
FPR25 film, on the other hand, exhibits intensity in both the
NSF and SF channels. The NSF intensity is dominant for low
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temperature, while for high temperature the SF intensity
becomes dominant. This behavior shows that components of
the spins along the b and c axes contribute to the AF order in
the in-plane direction and that the dominant contribution of
the components changes from the b to the c axis.

4. Discussion
The neutron diffraction measurements provide detailed
information about the magnetic origin and the orientation of
the magnetic moments in different crystallographic planes in
the Fe50Pt50xRhx films, for example, the orientation of the
magnetic moments in the in-plane (ab plane) or the out-ofplane (c axis) direction. The results can, in general, support
models with different magnetic configurations at the same
time if only the qualitative information retrieved from the
measurements is considered. Therefore, structure factor
calculations are necessary to distinguish between these
different configurations, providing a quantitative measure of
the observed intensities which can be compared with the
experimental data. By the qualitative as well as quantitative
comparison of the measured peak intensities I with the
structure factor calculations (I ’ F 2), specific magnetic
configurations can be determined which best support the
observed features of the neutron diffraction measurements.
The calculations are based on the magnetic unit cell of the c.t.
L10 structure which is shown in Fig. 2 and consists of eight Fe
and eight Pt/Rh atoms. For simplification it will be assumed
that only the Fe atoms carry a magnetic moment. In the FePt
and the FeRh alloys the Pt/Rh atoms carry no magnetic
moment in the AF phase. In the FM phase, however, an
induction of small magnetic moments on the Pt and Rh atoms,
respectively, was proposed (Solovyev et al., 1995; Shirane et al.,
1963) and can be therefore also expected for the
Fe50Pt50xRhx films. For the development of a consistent
model of the magnetic configuration it is not mandatory to
consider the induction at the Pt/Rh sites since it can be
assumed that the induced magnetic moments of the Pt/Rh
atoms are at least an order of magnitude smaller than the Fe
moments. The additional magnetic moment will only reduce or

0

Fe

•

Pt/Rh

Ground level

First level

• •

··r0 ~:.
C=[001]

0
0

increase the magnetic contribution to the scattering intensity
marginally and does not change the principal magnetic
configuration. The investigation of the magnetic moment will
be the topic of a future manuscript.
The neutron diffraction measurements showed only a single
magnetic state for the FPR5 and FPR17 films, i.e. an FM and
an AF phase, respectively, until they become PM. These two
films will be discussed first, followed by the FPR10 film which
showed a temperature-driven transition between these two
magnetic phases. The measurements of the FPR25 film reveal
only AF order until the film becomes PM and also indicate
temperature-driven transitions between different AF configurations. This film will be discussed at the end of this section.
4.1. Fe50Pt45Rh5

The neutron diffraction measurements of the FPR5 film
reveal only FM order in the in-plane direction, with the
magnetic moments orientated along the c axis. These results
allow only one possible magnetic configuration, which can be
verified by structure factor calculations and is presented in
Fig. 9. The magnetic configuration proposed here leads to the
following structure factors:


F001 ¼ 8 bFe þ bPt=Rh pFe cos  ;


F100 ¼ F010 ¼ 8 bFe þ bPt=Rh pFe sin  ;


ð1Þ
F111 ¼ ð2=61=2 Þ8 bFe  bPt=Rh pFe sin  ;
F0012 ¼ F1200 ¼ F121212 ¼ 0;
where bj and pj are the nuclear and magnetic scattering
lengths, respectively. The prefactor 2=61=2 considers the
projection of the magnetic moments along the c axis ([001]
direction in reciprocal space) onto a plane perpendicular to
the [111] direction. The
sign denotes the neutron spins
being parallel or antiparallel to the magnetic moments of the
film. The angles  and  are defined as shown in Fig. 10. The
FM order of the magnetic moments pointing along the c axis
reflects the fact that the in-plane first-order reflection 100
possesses a magnetic contribution to the scattering intensity,
while the out-of-plane reflection 001 is purely nuclear. The
principal magnetic configuration outlined in Fig. 9 remains
stable over the whole temperature range until the film
becomes PM above T = 500 K. The out-of-plane orientation of
the magnetic moments also explains why in the measurements

• •
• •

C

0

b

0

\

a

Figure 9
Model of the magnetic configuration of the FPR5 film for the ground and
first level. The red circles are the Pt/Rh atoms and the white circles the Fe
atoms. The black dots indicate spins which are FM aligned in the out-ofplane direction along the c axis.
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Figure 10
Orientation of the in-plane and out-of-plane angles  and  with respect
to the a and c axis, respectively.
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with polarization analysis of the FPR5 film significant intensity
was only observed in the SF channel for the 100 reflection.
From the neutron diffraction data it is also possible to calculate the magnitude of FM order of the sample. In the case of
the FM ordered FPR5 film the magnitude of FM order is equal
1=2
.
to the magnetization M, which is given by M / I100
In Fig. 11 it can be seen that the magnitude of FM order of
the FPR5 film decreases continuously with increasing
temperature, as expected.

AF order along the a axis. The corresponding structure factors
for this magnetic configuration are thus given by
F001 ¼ F100 ¼ F010 ¼ F111

¼ 8 bFe þ bPt=Rh pFe cos 


¼ 8 bFe þ bPt=Rh ;

pFe cos 


ð2Þ

F0012 ¼ 8ðpFe cos  sin Þ;
F1200 ¼ 8ðpFe cos  cos Þ;
F121212 ¼ ð2=61=2 Þ8ðpFe sin Þ:

4.2. Fe50Pt42.5Rh17.5

The FPR17 film exhibits a strong temperature-dependent
behavior for the half-order reflections, which are associated
with AF order, while the first-order reflections are quasiconstant. The different half-order reflections 0012, 1200 and 121212
indicate that the AF order is present along both the in-plane
and the out-of-plane directions. The application of structure
factor calculations leads to the model of the magnetic
configuration shown in Fig. 12.
In the proposed magnetic configuration the components of
the magnetic moments have an out-of-plane orientation along
the c axis. The nearest neighbors always have opposite spin
directions. This configuration gives AF order in both in-plane
directions, i.e. along the a and b axes. The in-plane components of the magnetic moments along the a axis, on the other
hand, are orientated in such a way that the resulting magnetic
moments of the ground and first level have opposite sign,
which leads to AF order along the c axis. Moreover, the
components of the magnetic moments along the b axis form
~

·c 30
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'o
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':'20
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~

C1I

:!:: "'C
C: ...
Cl 0

e~
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The in-plane components of the magnetic moments which
form the AF order along the a axis are responsible for the
intensity of the 1200 reflection, while the 0012 reflection is due to
the AF order of the magnetic moments along the c axis. The
appearance of the 121212 reflection indicates that a third AF order
with the magnetic moments along the out-of-plane c axis is
necessary to explain the neutron diffraction data. The three
half-order reflections have contributions from different
components of the magnetic moment vectors.
The in-plane angle  in the structure factors of the FPR17
film can be determined by comparison of the half-order
reflections along the [001] and [100] directions, since both
reflections have the same dependencies on the out-of-plane
components of the magnetic moments:
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Figure 11
Magnitude of magnetic order of the FPR5 film due to the FM ordering
(upper panel) and in-plane and out-of-plane angles  (solid squares) and
 (open circles) (lower panel) as a function of temperature.
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4ð8pFe sin Þ2
¼ 2 tan2 :
2ð8pFe cos  cos Þ2
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The model of the magnetic configuration consists of four
domains with equal probability, since the in-plane directions
along the a and b axes are interchangeable because of the
fourfold symmetry of the crystallographic structure as long as
no external force, e.g. a magnetic field in the in-plane direction, is applied to break this symmetry. For simplicity, we will
restrict the discussion to only one domain. In the other three
domains, the proposed magnetic configuration is rotated inplane by 90, 180 and 270 . In the following, the 90 and 270
domains will be called ‘perpendicular domains’ and the 180
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Figure 12
Model of the magnetic configuration of the FPR17 film. The spins are
tilted with respect to the a and b axes as shown by the arrows. Note the
twist of the spins about the c axis. The dots and crosses indicate that
components of the spins point in the up or down direction, respectively.
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domains will be named ‘parallel domains’. For the calculations
it is assumed that all four domains contribute equally to the
scattering signal and the integrated intensity can be calculated
from the sum over all four domains. As a consequence of these
domains, the in-plane reflection 1200, with intensity due to
components of the magnetic moments in the in-plane direction, has contributions to only two of the four domains, i.e.
contributions of the parallel or the perpendicular domains.
The magnetic moments in the other two domains have the
same configuration but are rotated 90 or 270 , respectively,
and contribute to the intensity of the reflections in the other
in-plane direction, i.e. 0120. Out-of-plane reflections and inplane reflections with contributions of out-of-plane orientated
magnetic moments have, on the other hand, contributions of
all four domains to their scattering intensity.
The factors 2 and 4 in equation (3) consider the different
contributions from the parallel and perpendicular domains to
the in-plane and out-of-plane reflections.
The out-of-plane angle , on the other hand, can be
determined from the 121212 reflection since its integrated intensity
is due to components of the magnetic moments in the out-ofplane direction:

2
F1211
I121212
ð16=61=2 ÞpFe sin 
2 tan2 
222
¼ 2 ¼
:
ð4Þ
2 ¼
I0012 F001
3 sin2 
ð8pFe cos  sin Þ
2

The 121212 reflection also has contributions from all four domains.
The calculated in-plane and out-of-plane angles are presented
in Fig. 13 and they show constant values for both angles ( ’
64 ,  ’ 20 ) over a temperature range up to T = 325 K.
Around T = 325 K a rapid decrease of the in-plane angle  can
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Figure 13
Magnitude of magnetic order of the FPR17 film due to the AF ordering
(upper panel) and in-plane and out-of-plane angles  (solid squares) and
 (open circles) (lower panel) as a function of temperature.
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be observed and, associated with this, a rotation of the spins
into the direction of the b axis. Since the 121212 reflection was only
measured for temperatures below T = 325 K, the out-of-plane
angle can only be determined up to this value. The magnitude
~ of the FPR17 film can be determined by the
of AF order M
integrated intensity of the 0012 reflection by the use of the
~ 2:
relation I / F 2 / M
~ /
M



I0012

cos2  sin2 

1=2
:

ð5Þ

The calculated magnitude of AF order presented in Fig. 13
shows only a slight decrease with temperature for temperatures up to T = 325 K.
The AF orientation of the magnetic moments along the a
axis only contributes to intensity in the NSF channel in the
polarization analysis of the 1200 reflection. The observation of
equal intensity in both NSF and SF channels for the 0012
reflection can be explained by the presence of four domains
that contribute equally to the scattering intensity of the out-ofplane half-order reflection. In the parallel domains, only
components of the magnetic moments along the a axis can be
observed, which are responsible for the intensity in the SF
channel. In the perpendicular domains, on the other hand, the
magnetic structure is rotated 90 and 270 , and the components
of the magnetic moments are now aligned along the b axis,
which leads to contributions in the NSF channel.
4.3. Fe50Pt40Rh10

The neutron diffraction measurements of the FPR10 film
(Fig. 7 and 8) reveal a temperature-driven AF–FM transition,
indicating that at least around the transition region two
different magnetic configurations may coexist. The different
magnetic configurations will be discussed in the following for
selected temperature ranges.
Below T < 150 K, the neutron diffraction data show the
same features as observed for the FPR17 film. All three halforder reflections are present, which show a decrease with
temperature of the integrated intensity. The first-order
reflections exhibit no significant intensity changes, indicating
the absence of any FM order. Therefore, the magnetic
configuration of the FPR10 film, shown in Fig. 14, will
resemble that for the FPR17 film. The only differences are
slightly higher and lower values of the in-plane and out-ofplane angles  and , respectively (see Fig. 15).
At about T = 150 K the integrated intensities of the 100 and
111 reflections rise with increasing temperature (Fig. 7), and
associated with that is FM order. The integrated intensity of
the 001 reflection, on the other hand, is constant. Taking the
structure factor calculations and the results of the polarization
analysis of the 100 reflection into account, which showed only
an SF signal, the FM order can be attributed to FM order in
the in-plane direction with components of the magnetic
moments aligned along the c axis, similar to the FPR5 film.
The AF configuration proposed at low temperature is still
present at T = 150 K, and the polarization analysis of the halforder reflections shows similar results to those for the FPR17
J. Appl. Cryst. (2015). 48, 1142–1158
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film. The intensity in the NSF channel for the 1200 reflection can
be again explained by the alignment of components of the
magnetic moments along the b axis, while the intensity of the
NSF and SF channels for the 0012 reflection is due to the
parallel and perpendicular domains. In contrast to the polarization analysis of the FPR17 film, an intensity difference
between the NSF and SF channels can be observed in the

FPR10 film, which may indicate slightly different sizes of the
parallel and perpendicular domains. The occurrence of FM
order in the in-plane direction can be explained by the
nucleation of FM domains that replace the AF domains. The
AF and FM domains in this model have the same magnetic
configuration as for the FPR17 film and the FPR5 film,
respectively. In the FPR17 film the parallel and perpendicular
AF domains were homogeneously
distributed. In the FPR10 film the
polarized
neutron
diffraction
0 Fe • Pt/Rh
measurements indicate that the
homogeneous distribution of the
Ground level
First level
parallel and perpendicular AF
domains is disturbed. A possible
explanation for this observation is that
a=1100J
T<lSOK
the nucleation process of the FM
domains takes place in a localized
region of the film, i.e. the FM domains
~b=~O]
replace AF domains in the perpendiC= [001]
~
~omain
nucleation
cular or the parallel domains, resulting
~ TdSOK
in different AF domain sizes.
AF domain
FM domain
The AF reflections 0012, 1200 and 121212
have a similar temperature behavior;
therefore, it can be assumed that the
0
0
0
0
different AF configurations can be
described by the same domains. A
coexistence of the FM order and the
0
0
0
0
~ ~
AF order in one domain can be
T~230K !domain growth
domain decrease! Tc:e230K
excluded because of the competition
between AF and FM order in the inplane direction, which contribute to
the integrated intensities of the 121212 and
0
0
0
0
~ ~
100 reflections, respectively. A coexistence of both reflections as is
observed in the neutron diffraction
0
0
0
0
~ ~
measurements would not be possible.
domain decrease! T c:e250K
Tc:e2SOK !domain growth
Owing to these considerations the
further discussion of the FPR10 film
will be restricted to the model with
different domains being either in the
0
0
0
0
<t>
<t>
AF or in the FM state.
In the temperature range 150 < T <
300
K the integrated intensities of the
0
0
0
0
<t>
<t>
100 and 111 reflections increase to
their maxima, while the intensities of
T""330K
/
the half-order reflections decrease
until they vanish at different
temperatures. The increase and
0
0
0
0
decrease of the integrated intensities,
respectively, can be attributed to the
decrease and increase in size of the AF
0
0
0
0
and FM domains, respectively. The
Figure 14
different transition temperatures of
Model of the magnetic configuration for the FPR10 film and its evolution with temperature. At about
T = 150 K a nucleation of FM domains begins, which grow with temperature. The AF domain (left
the half-order reflections, on the other
side) decreases with temperature and the spins turn to the in-plane direction along the a axis. At
hand, can be explained by changes in
about T = 330 K only FM domains exist in the film. The dots and crosses indicate that components of
the angles  and  (see Fig. 15). It can
the spins point in the up or down direction, respectively, while the arrows indicate components of the
spin oriented in the ab plane.
be seen that the magnetic moments
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turn in-plane with increasing temperature up to T = 230 K
when  becomes finally zero and the 121212 reflection disappears.
Starting at T = 230 K, a further reorientation of the magnetic
moments can be observed in the direction of the a axis. At
about T = 250 K this process leads to an in-plane angle  of 90
and the disappearance of the 1200 reflection. Now only the AF
order in the out-of-plane direction remains, with the magnetic
moments aligned along the a axis in the parallel domains and
along the b axis in the perpendicular domains.
Furthermore, at the temperature of T = 300 K the NSF and
SF channels of the 0012 reflection show now nearly identical
intensity, which indicates that the contributions of the parallel
and perpendicular domains are approximately equal. A very
plausible explanation is that the FM domains are now
homogeneously distributed and have replaced the perpendicular and parallel AF domains.
At about T = 330 K the 0012 reflection disappears and only
the 100 reflection remains, which is attributed to the complete
replacement of the AF by the FM domains. The FPR10 film
consists now only of FM domains until it becomes PM above
T = 400 K. The magnitude of magnetic order of the AF and
FM domains, respectively, can be determined by the equations
used for the FPR5 and FPR17 films. The decrease of the
magnitude of magnetic order in the AF domains and the
increase in the FM domains can be explained by the decrease
and growth of the AF and FM domains, respectively. The
absolute value of the magnitude of magnetic order, however,
is constant up to temperatures of about T = 300 K and
decreases for higher temperatures, as expected.
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(Upper panel) Magnitude of magnetic order of the FPR10 film due to the
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4.4. Fe50Pt25Rh25

The neutron diffraction data of the FPR25 film reveal
temperature-driven magnetic transitions similar to those in
the FPR10 film. In contrast to the previously discussed films
these transitions occur between different AF orders. The
different AF configurations will be discussed in the following
for selected temperature ranges.
Below T = 150 K only the half-order reflection along the
[111] direction is present. It shows an intensity decay with
increasing temperature. The first- and second-order reflections, on the other hand, are constant, indicating the absence
of FM order. The models of the FPR17 and FPR10 films
showed that the 121212 reflection is due to out-of-plane components of the magnetic moments. Taking this into account the
same can be assumed for the 121212 reflection of the FPR25 film,
as is shown in Fig. 16.
From about T = 150 K intensity corresponding to the 0012
and 1200 reflections can be observed, and associated with this is
the appearance of a different AF order. The integrated
intensities of these reflections increase up to maxima at about
T = 300 K and T = 350 K, respectively. The polarization
analysis showed intensity in both the NSF and the SF channel,
not only for the 0012 reflection, as was found in the FPR17 film,
but also for the 1200 reflection. This indicates that the magnetic
moments aligned along the b and c axes form AF order in the
in-plane direction along the a axis and contribute to the
intensity of the 1200 reflection. The intensity of the 0012 reflection, on the other hand, is due to components of the magnetic
moments along the a axis, which form AF order in the out-ofplane direction. Considering the increase and decrease of the
integrated intensities of the 0012, 1200 and 121212 reflections,
respectively, and the coexistence of these peaks over a
temperature range between T = 150 K and T = 300 K, the
presence of two different domains can be expected.
The AF order responsible for the 121212 peak intensity can be
associated with one domain which will be called in the
following domain I, and the AF order responsible for the other
half-order reflections 0012 and 1200 is present in a different
domain named in the following domain II. The decrease and
increase of the integrated intensities of the half-order reflections can be thus explained by the nucleation and growth of
domain II, which replaces domain I. This process is completed
at about T = 275 K, where only domain II remains in the film.
It should be noted that the magnetic structure of domain I is
equal in all domains, while domain II represents four
equivalent domains, i.e. two parallel and two perpendicular
domains, as was already discussed before. These domains are
again responsible for the identical intensity of the SF and NSF
channels of the 0012 reflection.
Another strong indication of the presence of two different
domains is the out-of-plane component of the magnetic
moments observed for the 1200 reflection. These components
form alternating FM layers along the a axis, which contribute
to the peak intensity of the 1200 reflection but not to the 121212
reflection because of destructive interference. Since this AF
order of the 1200 reflection is in conflict with the AF order that
is responsible for the peak intensity of the 121212 reflection, both
J. Appl. Cryst. (2015). 48, 1142–1158
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AF orders cannot coexist in the same
domain. The integrated intensities of
the 0012 and 1200 reflections, on the
other hand, show a similar temperature behavior, and it can be assumed
that their AF configuration originates
from the same domains. Therefore the
model of two different domains will
be used for the further discussion of
the magnetic configuration. Considering both domains the following
structure factors can be derived:
F001 ¼ F100 ¼ F010 ¼ F111

¼ 8 bFe þ bPt=Rh
pFe cos 

pFe cos 


¼ 8 bFe þ bPt=Rh ;

F1200 ¼ 8ðpFe cos  cos  þ sin Þ;
F121212 ¼ ð2=61=2 Þ8ðpFe sin Þ:
ð6Þ
The decrease and growth of the
different domains is not sufficient to
explain all observed temperature
features of the integrated intensities.
In particular they cannot explain the
different maxima of the half-order
reflections in domain II or the change
in the NSF to SF ratio of the 1200
reflection with temperature. Therefore also a reorientation of the
magnetic moments in domain II must
take place. This is reflected in the inplane and out-of-plane angles  and .
It is important to note that the calculation of the angles differs from the
other films owing to the out-of-plane
components of the magnetic moments
that contribute to the 1200 peak intensity. This fraction can be determined
from the polarization analysis of the
half-order in-plane reflection by
comparison of the NSF and the SF
intensities, leading to the expression
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Model of the magnetic configuration for the FPR25 film and its evolution with temperature. At about
T = 150 K a nucleation of AF domains with a different magnetic configuration begins, which grow with
temperature. The AF domain (on the left side) decreases with temperature and the spins turn to the
in-plane direction along the a axis. At about T = 250 K only the AF domains on the right side exist and
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ð8pFe cos  sin Þ2 cos2 
:
¼
tan2 
ð8pFe sin Þ2
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4ð8pFe sin Þ2
¼ 2 tan2 :
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Here x denotes the fraction of the intensity that is due to inplane components of the magnetic moments. The out-of-plane
angle  is then given by
xI1200

Pt/Rh

• •

a=[100J0

®

F0012 ¼ 8ðpFe cos  sin Þ;

•

Ground level

0



Fe

ð8Þ

F12100 in and F1200 out denote the structure factors of the out-of22
2
plane and in-plane components of the magnetic moments. The
results of the angle calculation presented in Fig. 17 show that
the out-of-plane angle  increases with the temperature, as
does the contribution of the in-plane AF order with the
magnetic moments aligned in the out-of-plane direction. This
contribution is responsible for the increase of the SF intensity
in the polarization analysis of the 1200 reflection relative to the
NSF channel. The in-plane angle , on the other hand,
decreases with increasing temperature until about T = 354 K,
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when the magnetic moments have no components along the a
axis anymore. The absolute value of the magnitude of
magnetic order of the FPR25 film can be determined from the
sum of domains I and II. The magnitude of AF order of
domain I is given by
~ / ðI111 Þ1=2 :
M
222

ð9Þ

The magnitude of AF order of domain II can be determined
by

1=2
I1200
~ /
:
ð10Þ
M
ðcos  cos  þ sin Þ2
The decrease and increase of the magnitude of AF order in the
different domains is again due to the decrease and growth of
the domains I and II. The absolute value of the magnitude of
AF order is constant up to T = 200 K and shows an unexpected
slight increase for temperatures up to T = 300 K. The reason
for this behavior is not known at the present stage.

5. Theoretical discussion
The neutron diffraction measurements in combination with
structure factor calculations refer to four major structures: the
magnetic structures of the FPR5 (Fig. 9) and FPR17 films
(Fig. 12) and the AF configurations of the FPR25 film at low
and high temperature (Fig. 16). It can be seen that the
orientation of the spins changes with decreasing Rh concentration (x  10) from in-plane to out-of-plane, associated with
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(Upper panel) Magnitude of magnetic order of the FPR25 film due to the
AF ordering in domain I (triangle down) and the AF ordering in domain
II (triangle up) as well as the sum (solid circles) as a function of
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temperature. Note in the AF domain I the out-of-plane angle  has a
value of 90 and the in-plane angle  is undefined.
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an AF–FM transition. The question arising from the observed
transitions is which kind of physical interactions are responsible for the spin reorientation and the observed magnetic
transitions?
A lot of effort has been made to describe complicated
magnetic structures and magnetic transitions, e.g. FM–AF,
including the non-Heisenberg type of Hamiltonians (Nagaev,
1982). Amongst them models with double exchange and threeand four-spin exchange were adopted. An alternative
description includes a two-ion anisotropy and an extended
Heisenberg Hamiltonian term. The description is not
restricted to nearest-neighbor interactions, e.g. the distances
of five unit cells were taken into account (Hinzke et al., 2008;
Atxitia et al., 2010).
To describe the different magnetic configurations of the
Fe50Pt50xRhx films from a common point of view, the
Hamiltonian is chosen as a sum of two terms:
H ¼ H ex þ H an :

ð11Þ

Here H ex describes the two-ion interaction and will be called
the ‘exchange’ Hamiltonian. It determines the magnetic order,
i.e. the orientation of the spins of different atoms with respect
to each other. H an , on the other hand, is a one-ion term which
will be named the ‘anisotropy’ Hamiltonian and describes the
orientation of the spins along the direction of the crystallographic axes. In some alloys, for example FePt, the anisotropy could be also of two-ion origin (Hinzke et al., 2008;
Atxitia et al., 2010), and, from this point of view, the separation
between the ‘exchange’ and the ‘anisotropy’ parts is quite
relative. The physical origin of the ‘exchange’ (two-ion) and
‘anisotropy’ (one-ion) terms does not play a role in the
phenomenological approach that was developed here (as
distinguished from ab initio calculations).
For the phenomenological model presented here the
simplest model is applied to describe the spin configuration. It
uses the extended Heisenberg anisotropic exchange Hamiltonian and takes into account only the interaction between
closest neighbors (or the corresponding sublattices of the unit
cell) (see atoms labelled 1, 2, 3 and 4 in Fig. 18). This model
does not exclude other approaches with long-range types of
interactions, like those proposed, for example, by Nagaev
(1982), Hinzke et al. (2008) and Atxitia et al. (2010). The
experimental results in principle allow also for different
models. Here the most direct and effective way was chosen for
the theoretical interpretation of the quite complicated picture
of magnetic structures and transitions observed experimentally.
The exchange Hamiltonian H ex in expression (11) is
anisotropic, which means that the exchange constants have
different signs and values for the interactions between the
spins in different directions x, y and z. Moreover, they should
be addressed for interactions between different components
of the spins. Instead of only one exchange constant in the
isotropic case, nine exchange constants Jei are to be considered
in the complete anisotropic case. The exchange Hamiltonian
can then be written as
J. Appl. Cryst. (2015). 48, 1142–1158
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H ex ¼

P

Jei Sij Sijþe ;

ð12Þ

j;i;e

where the lower indices j, j + e denote the positions of the spins
corresponding to the Fe ions, e denotes the unit vectors along
the axes of the Cartesian system and the upper index i ¼ x, y, z
denominates the spin components (i.e. Sij is the ith component
of the spin at the jth position).
The main advantage of this approach is that the appropriate
sign of all nine exchange constants Jei can be chosen independently and adjusted in accordance with the considered
magnetic structure. Here, Jei < 0 describes FM order and Jei > 0
AF order.
The main features of this model will be discussed in detail
with respect to the magnetic structure of the FPR17 film, since
it presents the most general case; for example, it can be found
in the FPR10 and FPR17 films.
All the z components of the closest neighboring spins in the
magnetic configuration of the FPR17 film shown in Fig. 12 are
antiferromagnetically ordered, i.e. all three constants Jez are
positive. The projections of the spins that are spatially ordered
along the x axis onto the xy plane are parallel and co-directional. Therefore the corresponding exchange components Jxx
and Jxy are negative. The sign for the other components can be
determined accordingly.
For the absolute values of Jei , on the other hand, only two
values have to be distinguished, J1 and J2 , with J1 6¼ J2 , owing
to the fourfold symmetry of the films in the xy plane and the
tetragonal elongation along the z axis. Taking into account the
signs and values of the exchange parameters the FPR17 film
can be summarized as
Jxx ¼ Jxy ¼ Jyx ¼ Jyy ¼ Jzx ¼ Jzy ¼ J1 > 0
Jxz

¼

Jyz

¼

Jzz

¼ J2 > 0:

and

ð13Þ

The simplified model of only two different absolute values of
the exchange parameter is sufficient to describe the different
magnetic configurations determined from the experimental
data. The possible spin orientations in the system with the
corresponding exchange interaction are determined by the

0

Fe

Pt/Rh

Ground level

First level

0

0

Figure 18
Top view of the magnetic unit cell of the c.t. structured Fe50Pt50xRhx
films. The numbers 1, 2, 3, 4 are the indices for the different Fe atoms in
the a, b and c directions.
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minima of the exchange interaction energy Eex. The classical
ground state energy Eex can be approximated by replacing Sij
and Sijþe in (12) by the components of classical spins in spherical coordinates. The angles ,  of the spherical coordinates
are defined as shown in Fig. 10.
The angles of the different spins of the atoms are indexed
with the numbers of the corresponding atomic position. The
exchange interaction energy Eex can be separated into three
terms, one for each direction along x, y and z:
ex
ex
ex
Eex ¼ Eex
x þ Ey þ Ez , where Ex describes the energy of
exchange interaction between the closest neighbors along the
ex
x direction, Eex
y that along the y direction and Ez that along
the z direction. The three terms depend on different combinations of angles and can thus be minimized separately. For
each of the energy terms several energetically equivalent
minima can be found. For the FPR17 film and the energy
ex
ex
terms Eex
x , Ey and Ez , two general solutions are possible:
(a) ‘Pure’ antiferromagnetic order with all spins perpendicular to the xy plane.
(b) A ‘canted antiferromagnetic’ configuration, where the
spin i = 1 is in a canted mirror position with respect to the xy
plane with spins i = 2, i = 3 and i = 4, while 1 ¼ 2 ¼
  3 ¼ 2  4 .
It is evident that only one solution corresponds to the
magnetic configuration of the FPR17 film; however, by taking
only the exchange interaction into account, it is impossible to
distinguish between the two general solutions or to determine
the values of the angles. To identify the correct solutions and
to determine the values of the angles, the consideration of the
second part of the Hamiltonian, i.e. the anisotropy Hamiltonian H an , becomes necessary.
In accordance with the model introduced by Lott et al.
(2008) including the anisotropy terms of uniaxial and tetragonal symmetries, the anisotropy Hamiltonian can be written
in the form


H an ¼ K1 S2z  4K2 S2x S2y þ K3 ðS2z S2x þ S2z S2y Þ þ 16S4x S4y :
ð14Þ
Here, the first term corresponds to the uniaxial perpendicular
anisotropy; the terms in parentheses express the tetragonal
anisotropy whose existence is predictable because of the
tetragonal symmetry of the lattice. The last term, 16S4x S4y , is
an extension to the previous model and includes the eightfold
anisotropy. It is chosen here as one of the independent eightorder invariants for tetragonal crystals, which can provide
additional eightfold symmetry in the xy plane (Landau &
Lifshitz, 1960; Turov, 1965; Vavassori et al., 2005). The term is
necessary here to describe the different in-plane orientations
of the spins (i.e. the different values of in-plane angle j for
each film as depicted in Figs 11, 13, 15 and 17) and to include
the four observed domains, i.e. two perpendicular and two
parallel domains. Such additional in-plane anisotropy can
arise from magnetoelastic interactions between thin magnetic
films and the substrate (Weber et al., 1995; Krams et al., 1995;
Soroka & Hjörvarsson, 2004). Here thicker films are investigated; however, it can be assumed that one of the origins of
Jochen Fenske et al.
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the observed additional in-plane anisotropy of the samples is
also from magnetoelastic interactions. The magnetic anisotropy energy (MAE) corresponding to expression (14) can be
written in terms of spherical coordinates as


Ean ¼  K1 sin2   K2 cos4  sin2 2 þ K3 cos2  sin2 
þ  cos8  sin4 2:
ð15Þ
The minimization of the MAE as a function of two variables is
shown in detail in Appendix C.
The model introduced in this section is also able to describe
the magnetic configuration of the FPR25 film at high
temperatures (see Fig. 16) with some minor modification in
the exchange Hamiltonian. The difference between the
structure for the FPR17 film in Fig. 12 and the FPR25 film at
higher temperatures (T = 250 and 150 K for domain II) is the
order between the nearest neighbors in the x and z directions:
for FPR25 both directions of the z components of the spins are
ferromagnetically ordered, i.e. the constants Jxz and Jzz in the
exchange Hamiltonian that are positive for the FPR17 film are
negative for the FPR25 film, leading to the following exchange
parameters:
Jxx ¼ Jxy ¼ Jyx ¼ Jyy ¼ Jzx ¼ Jzy ¼ J1 > 0
Jxz

¼

Jyz

¼

Jzz

¼ J2 > 0:

and

ð16Þ

Together with the anisotropy Hamiltonian (14) this gives the
out-of- and in-plane angles (4).
The FM order of the FPR5 film and the FPR10 film at high
temperatures can be described by the same model by using the
exchange constants Jxz ¼ Jyz ¼ Jzz ¼ J2 < 0 leading to an outof-plane orientation of the spins.

6. Conclusions

Jochen Fenske et al.

APPENDIX A
Unpolarized neutron diffraction
Unpolarized and polarized neutron diffraction measurements
are ideally suited to study the magnetic configuration of a
system, owing to the high sensitivity of the neutrons to the
magnetic structure and the arrangements of the nuclei. The
differential cross section for unpolarized neutrons can be
expressed as


In summary we have investigated the structural and magnetic
properties of four 200 nm-thick Fe50Pt50xRhx films with x = 5,
10, 17.5 and 25 (denoted as FPRx) as a function of temperature by the use of X-ray and neutron diffraction. The investigations show that the c.t. structured films with low Rh
concentration (x < 10) have FM order and undergo a transition to AF order with increasing Rh concentration around x =
10. These results are in good agreement with an earlier report
on bulk samples. Moreover unpolarized and polarized neutron
diffraction measurements in combination with structure factor
calculations allowed us to develop a detailed model of the spin
configuration. It can be shown that the FPR5 and FPR17 films
are purely FM and AF ordered, respectively, with the spins
oriented out-of-plane and canted in a noncollinear orientation, respectively. The FPR10 and FPR25 films, on the other
hand, undergo temperature-driven magnetic transitions. The
AF order of the FPR10 film at low temperature with canted
noncollinear spins changes with increasing temperature to an
FM order with an out-of-plane orientation of the spins.
Therefore the film can be expected to be in an intermediate
state between the FPR5 and FPR17 films. The FPR25 film, on
the other hand, undergoes a temperature-driven magnetic
transition between different AF configurations. At low
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temperature the spins have an out-of-plane orientation, while
with increasing temperature it changes to a noncollinear
canted orientation. The magnetic transition in both the FPR10
and FPR25 films can be attributed to a domain growth of
different domains with FM and AF order, respectively,
replacing the existing AF domains. The observed transitions
with temperature and Rh concentration can be described by a
phenomenological model which includes a two-ion and a oneion interaction Hamiltonian term. The model is able to
describe the experimentally observed magnetic structures and
the causes of spin reorientations.
The experiments and theory presented here are not able to
give the absolute values (for instance, in meV) of exchange
and anisotropy constants for the proposed magnetic structures. For such purposes additional measurements of magnetic
field dependence and investigations of spin dynamics are
necessary. The magnetic field experiments are already
completed and will be the topic of a forthcoming article.
Inelastic neutron scattering on 200 nm-thick films, however, is
extremely challenging given the very low amount of material.
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2

P 2
d unpol
2
¼
ðbj þ pj Þ expðiQ rj Þ ;
d
j

ð17Þ

where bj and pj are the nuclear and magnetic scattering
lengths, respectively (Krawitz, 2001; Cowley, 1986; Schwartz &
Cohen, 1977; Brown, 1992; Ehlers & Klose, 2006). Q is the
scattering vector and rj the position of the jth scatterer. The
use of unpolarized neutron diffraction allows us to distinguish
between AF and FM configurations. It should be mentioned
that for AF configurations additional purely magnetic peaks
appear at half-order locations in reciprocal space. In the FM
case, magnetic and nuclear intensities appear at the same Q
value. Contributions to peak intensities resulting from ferromagnetic order can be isolated from nuclear scattering by
observing intensity changes resulting from variations in
temperature or external magnetic field.
By the use of structure factor calculations for the c.t.
structure of the Fe50Pt50xRhx films the following conclusions
can be drawn for the neutron diffraction measurements: the
intensity at the half-order peak positions is due to AF order,
while the intensity of the first-order reflections is due to a
nuclear contribution with a possible contribution from FM
order.
J. Appl. Cryst. (2015). 48, 1142–1158
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APPENDIX B
Polarized neutron scattering
To study the orientation of the magnetic spins in more detail,
we have performed polarized neutron diffraction with polarization analysis of the scattered beam. In this method four
different cross section intensities can be distinguished: I++,
I, I+ and I+. The symbols + and  denote the neutron
spin being parallel or antiparallel, respectively, to its quantization axis, which is determined by the direction of the applied
magnetic field. The two cross sections I++ and I are called
non-spin-flip (NSF) scattering intensities. In the NSF scattering, the spin state of the incident and scattered beam is
identical. In the case of a nonzero net magnetization, e.g. FM
order, with magnetic spins aligned parallel to the magnetic
field and perpendicular to the scattering vector Q, the intensities of the two NSF channels are different. It is important to
note that nuclear scattering contributes equally to both NSF
channels. The change of the spin state during the scattering
process (I+, I+) is called spin-flip (SF) scattering and is of
purely magnetic origin. Here magnetic spins being oriented
perpendicular to the magnetic field and to the scattering
vector Q contribute to the scattering intensity.
It is obvious that the magnetic contributions at Bragg
reflections of different orders are due to different types of
magnetic ordering. Half-order reflections are a signature of
AF order due to the doubling of the unit cell, while first-order
reflections in the c.t. structure of the Fe50Pt50xRhx alloys are
due to contributions from nuclear scattering and possible
magnetic contributions from FM order.

APPENDIX C
Minimization of the magnetic anisotropy energy
Minimizing the MAE of equation (15) as a function of two
variables results in three minima for Ean with respect to the
relations of the anisotropy constants:
(a) In the first minimum, the spins are canted to the z
direction at an angle of 0 and directed in the xy plane at a
certain angle  = 0 , with the following relations for the
corresponding angles:
cos 20 ¼ 

K1
;
K3

sin2 20 ¼

2K2 K32
:
ðK3  K1 Þ2

ð18Þ

The relations are valid for all directions of the spins in the sublattices, i.e. all the angles, that satisfy the relations 1 ¼ 2 ¼
  3 ¼ 2  4 , 2 ¼ 3 ¼ 4 ¼ =2 þ 1 . Such canted
structure is present in the films when K2 > 0, K3 > 0,  > 0 and
K1
< 1;
K3

0<

2K2 K32
< 1:
ðK3  K1 Þ2

ð19Þ

The sign of the constant K1 can be directly determined from
the value of the angle 0. If 0 > =4, then K1 > 0, which
corresponds to a preferable structure in the out-of-plane
direction. With increasing value of K1, cos 20 decreases until
cos 20 ! 1. In this case 0 becomes =2 or 3=2, i.e. the
spins are then orientated in the out-of-plane direction.
J. Appl. Cryst. (2015). 48, 1142–1158

If 0 < =4, then K1 < 0 and the structure approaches the
magnetic state in which the spins are ordered completely inplane, as is observed in the FPR10 film. With decreasing values
of K1, cos 20 ! 1, i.e. 0 ! 0. Such a change of K1 with
temperature can be observed, for example, in the FPR25 film.
(b) The second solution for a minimum of Ean results in a
pure in-plane structure with different in-plane angles, i.e.
0 ¼ 0. In such a case the minimum of the energy corresponds
to the value of the in-plane angle that satisfies the condition
sin2 20 ¼ K2 =ð2Þ. It occurs when the relations (19) are not
fulfilled. The in-plane structure corresponds to a minimum if
K2 > 0, K3 > 0,  > 0 and K1 =K3  1, 0 < K2 =2 < 1.
The model describes also the possibility of an in-plane
reorientation of the spins as if the spins align parallel to the
principal axes x or y. Such a scenario is possible if K2 ! 0.
(c) Ean has its third local minimum for 0 ¼ =2, which in
combination with the minima of the exchange Hamiltonian
(12) and the relations in expression (13) results in an out-of
plane AF order. This structure is realized in the FPR25 film at
low temperatures (Fig. 16). In the FPR10 film, on the other
hand, such behavior cannot be observed and it can be
concluded that here the interplay between the exchange and
the anisotropy Hamiltonian terms is essential to form the
observed magnetic structure as shown in Fig. 12.
The phenomenological model presented here enables one
to compare two ratios of anisotropy constants, K1/K3 and K2/
(2), as functions of temperature and Rh doping x. The K1/K3
ratio is predominantly influenced by the Rh concentration. For
low Rh concentration (x = 5) K1/K3 is larger than one, associated with FM order in the out-of-plane direction. With
increasing Rh concentration the ratio changes around x = 10
to K1/K3 < 0, associated with AF order predominantly orientated in the in-plane direction. For the FPR25 film at low
temperature, K1/K3 is also larger for the configuration with the
spins oriented in the out-of-plane direction, however, with AF
order. The origin of this behavior is not known at the present
stage. The influence of the temperature on the ratio K1/K3 is
negligible in almost all films except in the FPR10 film where
the AF domains with K1/K3 < 1 are replaced by FM domains
with K1/K3 > 1.
The influence of the Rh concentration on the K2/(2) ratio,
on the other hand, is only small. For all films with AF order
K2/(2) is always positive, associated with a noncollinear
structure of the spins. The influence of the temperature on
the K2/(2) ratio is more prominent. With increasing
temperature the ratio changes from positive to negative,
associated with a change of the spin orientation from a
noncollinear to collinear structure with the spins oriented
parallel to the x or y axes.
A closer look is necessary for the description of the domain
growth and decrease in the FPR10 and FPR25 films. For the
FPR10 film at low temperature the additional energy term
above the ground state E0 has the form
E0 ¼ 


2
K22 K3
K

1þ 1 ;
4
4
K3
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with
K2 > 0,
K3 > 0,
>0
and
jK1 =K3 j < 1,
0 < 2K2 K32 =½ðK3  K1 Þ2  < 1.
Both terms in expression (20) increase with increasing
temperature, resulting in E0 ¼ K22 =ð4Þ for the noncollinear
in-plane structure and K22 =ð4Þ ¼ K3 =4ð1 þ K1 =K3 Þ2 ¼
E0 ¼ 0 for the collinear in-plane AF order with magnetic
moments oriented along one axis (i.e. if  ¼ 0,  ¼ n=2, n is
an arbitrary integer value). The increase of the ground state
energy leads to the change of the noncollinear structure to the
collinear out-of-plane FM structure for high temperatures in
this sample.
In the FPR25 film, on the other hand, the last term in (20)
rapidly decreases. It can be assumed that this term decreases
faster than the increase of the first term in (20). Therefore the
overall energy decreases with temperature and as a consequence a noncollinear structure is preferred over the collinear
AF structures at higher temperature.
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