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Evidence of a perpendicular magnetocrystalline anisotropy in a Mn5Ge3

epitaxial thin film revealed by ferromagnetic resonance
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A systematic study of the angular and temperature dependencies of the ferromagnetic resonance (FMR) of
manganese germanide Mn5Ge3 grown on Ge(111) by solid phase epitaxy is reported. The FMR measurements
performed in the out-of-plane geometry show that an out-of-plane anisotropy contribution exists in this material,
and it increases with decreasing temperatures. However, the perpendicular magnetization curves imply that the
shape anisotropy determines the orientation of the magnetization at any temperature. It is also shown that the
Callen-Callen law cannot be used to describe the temperature dependence of the perpendicular anisotropy in
Mn5Ge3. Such temperature dependence of the magnetocrystalline anisotropy shows the invalidity of the single-ion
anisotropy model for Mn5Ge3.
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I. INTRODUCTION

The study of group IV diluted magnetic semiconductors
based on germanium (Ge) and manganese (Mn) has motivated
the investigation of the magnetic properties of Mn-rich Mn-Ge
compounds. Park et al. (Ref. [1]) succeeded in distributing
Mn in a Ge semiconductor matrix at low Mn concentrations
(below 8%). The Curie temperature did not, however, exceed
120 K. It has also been shown [2,3] that when the Mn
concentration x exceeds a few percent, Ge1−xMnx tends to
undergo a phase separation, due to the low solubility of
Mn in Ge, leading to the formation of Mn-rich clusters,
which are thermodynamically more stable than the Mn-diluted
compound. Manganese germanide, in the form of Mn5Ge3,
has recently drawn attention due to its potential for spin
injection and spintronics applications [4–7]. It has been
shown that Mn-Ge can be grown epitaxially on a Ge(111)
substrate and form a stoichiometric Mn5Ge3 crystal, by using
the solid phase epitaxy method [8–13]. Indeed, an epitaxial
relationship has been revealed between Mn5Ge3(001) and
Ge(111) (Refs. [12,14]). Studies of the thermal stability of
the Mn5Ge3 compound led to the conclusion that epitaxial
Mn5Ge3 can be formed by solid phase epitaxy on Ge(111)
for growth temperatures between 300 ◦C and 650 ◦C. The
Mn would leave the Ge(111) surface if the temperature
is excessively high [8]. The Curie temperature T

C
of such

material is measured to be 296 K for the bulk material [8] and
can be equal to or slightly higher than 296 K in the form of
thin films depending on the growth methods [15], and can be
increased to 430 K by carbon doping [14]. This material is
therefore a potential candidate for room temperature magnetic
applications.

In ferromagnetic materials, the magnetocrystalline
anisotropy usually shows a dependence on temperature
[16–19]. For practical applications, it is therefore important to
determine the behavior of the magnetocrystalline anisotropy in
a wide temperature range, especially when the ferromagnet is
intended to be used at a specific temperature range. While the
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temperature dependence of the magnetocrystalline anisotropy
for ferromagnets with localized magnetic moments can be
described quite well by the Callen-Callen law [16,17], which
is based on a single-ion anisotropy model, there are ferromag-
netic transition-metal alloys that can show more complicated
behaviors [17,18]. In this paper, we show the presence of mag-
netocrystalline anisotropy in a Mn5Ge3 thin film, in addition to
the shape anisotropy. Section II deals with the sample’s growth
method and structural characterization. Section III shows
the results of the measurements of magnetic properties. The
in-plane magnetization curves show a decreasing remanence
ratio with decreasing temperature. Furthermore, we report
the presence of perpendicular anisotropy, whose contribution
increases when the temperature decreases. We also discuss
the invalidity of the Callen-Callen law for our Mn5Ge3 thin
film.

II. SAMPLE PREPARATION

The sample was grown by using the molecular beam epitaxy
(MBE) technique, at a base pressure lower than 8 × 10−8 Pa.
The quality of the sample’s surface was monitored in situ
by reflection high-energy electron diffraction (RHEED), in
both [110] and [112] directions of the Ge(111) substrate.
The sample’s internal structure was observed ex situ by
transmission electron microscopy (TEM).

The substrate was degassed at 600 °C for 2 h. A Ge buffer
layer was grown on the Ge(111) substrate at a substrate tem-
perature Tsub of 600 °C, in order to keep a good crystallinity.
An annealing at 700 °C for 1 h followed by a cooling below
200 °C resulted in the well-known c(2 × 8) reconstruction
of the clean Ge(111) surface [Figs. 1(a) and 1(b)]. Mn was
then deposited on this c(2 × 8) surface at Tsub = 40 °C. The
RHEED patterns during the growth of the Mn layer revealed
a three-dimensional growth, characterized by the presence
of transmission spots [Figs. 1(c) and 1(d)]. A solid-state
reaction between manganese and germanium was activated
by annealing the sample at 450 ◦C for 15 min, leading to
the

√
3 × √

3 reconstruction, indicating the (001) surface
of Mn5Ge3 [Figs. 1(e) and 1(f)]. In order to prevent the
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FIG. 1. (Color online) RHEED patterns in the [110] and [112]
directions of the Ge(111) substrate, with an acceleration energy of
12 keV, at different steps of the growth: (a) and (b) the c(2 × 8)
reconstructed surface of Ge buffer layer; (c) and (d) transmission
patterns after the growth of the Mn layer; (e) and (f) the

√
3 × √

3
structure of Mn5Ge3 after the solid state reaction.

manganese germanide layer from oxidizing, which is crucial
to keep its magnetic properties, an amorphous Ge capping
layer was grown with a low growth temperature so that the
segregation of Mn5Ge3 to the surface is suppressed. Such
segregation was demonstrated in Ref. [20]. The thickness of the
deposited Mn layer was 22 nm. During the post-Mn-deposition
annealing, a part of the Ge buffer layer was consumed for the
solid-state growth to form a 30-nm-thick Mn5Ge3 layer. In
order to confirm the crystallographic structure of our sample,
x-ray diffraction (XRD) patterns were measured by performing
θ -2θ scans on the thin film. A pure Ge(111) substrate was also
measured by XRD, as a reference sample. In the obtained
XRD spectra shown in Fig. 2, we identified the peaks from
the Ge(111) substrate and the Mn5Ge3(001) film, which are
consistent with the results obtained in previous studies [8,21].
According to this XRD spectrum, the lattice parameters
were a(Ge) = 5.664 Å for the cubic Ge, consistent with the
value found in literature [22], and c(Mn5Ge3) = 5.057 Å for
the hexagonal Mn5Ge3. The hexagonal basal plane lattice

FIG. 2. (Color online) An x-ray diffraction spectrum for the
MBE-grown Mn5Ge3 thin film (red curve), using Cu Kα radiation
(wavelength λ = 0.154 18 nm). A pure Ge substrate has also been
measured and serves as a reference (blue curve). The peak at
2θ = 24.6◦ corresponds to a signal coming from the germanium
irradiated by Cu Kβ radiation originating from the x-ray source.

parameter of Mn5Ge3 was evaluated to be a(Mn5Ge3) =
7.112 Å, by using an off-normal angle XRD measurement
(not shown here). The unit-cell parameters of the Mn5Ge3

film measured in this work are close to the values found for
the bulk [23] and consistent with the previous work on thin
films [15]. Energy dispersive x-ray (EDX) measurements of
the Mn-Ge layer showed a Mn:Ge composition of 62%:38%,
which corresponds to the stoichiometry in Mn5Ge3. The homo-
geneity of the composition was confirmed by performing EDX
measurements at many random locations in the manganese
germanide layer. The cross-sectional TEM images in Fig. 3
show the structure of the Mn5Ge3 thin film on the Ge(111)
buffer layer. One can see that the growth is epitaxial, with no
clusters and the interfaces are relatively smooth.

Moreover, we have found that Mn5Ge3 always forms
coherently on Ge(111), with its hexagonal [010] in-plane
direction always being parallel to the cubic [112] in-plane
direction of the Ge substrate. This, we believe, is due to the
fact that the in-plane atomic spacing 7.112 Å in the [010]

FIG. 3. Cross-sectional TEM images of the epitaxial Mn5Ge3

layer. (a) An overview of the structure shows relatively smooth
interfaces. (b) A close-up view on the Mn5Ge3/Ge interface shows
the epitaxial growth of Mn5Ge3(001) on Ge(111).
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direction of Mn5Ge3 is about the same as the in-plane atomic
spacing 6.937 Å in the [112] direction of Ge.

III. STUDY OF MAGNETIC PROPERTIES

A. Measurement of magnetic properties by SQUID

The magnetic properties of the Mn5Ge3 thin film are
measured by superconducting quantum interference device
(SQUID) magnetometry with a magnetic field applied in
the sample’s plane. The magnetization hysteresis curves at
different temperatures for the Mn5Ge3 thin film are shown
in Fig. 4. One can notice that the shape of the magnetic
hysteresis undergoes a change depending on the temperature.
For temperatures closer to the Curie point, the hysteresis
of the in-plane magnetization is close to having a square
shape [Fig. 4(a)], indicating that the magnetization easy axis
and the field axis are close to perfect parallel alignment
at zero field. On the other hand, when the temperature is
decreased, the magnetization curve loses its square shape and
the remanence to saturation magnetization ratio decreases,
going from MR/MS � 0.85 at 290 K to MR/MS � 0.25 below
200 K [Figs. 4(b)–4(e)]. The magnetization hysteresis cycle
is partly ruled by the competition between the anisotropy
energy and the exchange interaction energy, possibly resulting

FIG. 4. (Color online) Magnetization as a function of the applied
magnetic field at (a) 290 K, (b) 200 K, (c) 100 K, (d) 30 K, and
(e) 5 K. The field is applied in the sample’s plane for (a)–(e). In (f),
the field is applied in the sample’s normal axis and the measurement
temperature is 30 K. Note the different scales in (a) and (f).

in magnetic domains. The remanence ratio is dependent on the
anisotropy energy to exchange energy ratio [24] and also on
the competition between several magnetic anisotropies [25].
Since the sample is a thin film, the shape anisotropy is
the dominant form of magnetic anisotropy, and keeps the
magnetization in the sample’s plane. However, the presence
of magnetocrystalline anisotropy, in addition to the shape
anisotropy, could reduce the in-plane magnetization at low
fields. In Fig. 4(a), it appears that an infinitesimal field
variation is required to switch and saturate the magnetization,
while a much higher field is required at temperatures lower
than 200 K [Figs. 4(b)–4(e)], with saturation fields equal
to 0.037 T at 200 K, 0.11 T at 100 K, 0.16 T at 30 K,
and 0.44 T at 5 K. Moreover, while the in-plane remanence
ratio seems to undergo a strong variation between 290 and
200 K, it remains relatively constant in the whole temperature
range below 200 K. The temperature dependence of the
shape anisotropy energy is the same as that of the square
magnetization. Since Mn5Ge3 has a hexagonal crystal lattice,
one can assume that the hexagonal c axis could give a
contribution to the magnetocrystalline anisotropy even in a
thin film. So, if such magnetocrystalline anisotropy exists, its
contribution would increase faster than the shape anisotropy
with decreasing temperature, thus decreasing the in-plane
remanence ratio at low temperatures and having no visible
effects at temperatures close to T

C
. In order to study the effects

of an out-of-plane uniaxial magnetocrystalline anisotropy, the
perpendicular magnetization curves have been measured [the
magnetization curve at 30 K is plotted in Fig. 4(f)] and show
a remanence ratio close to zero and a saturation field higher
than in the in-plane curves, so such out-of-plane anisotropy
would be too weak to orientate the magnetization along
the perpendicular axis, but could still contribute to lowering
the remanence ratio in the in-plane magnetization curves.
Therefore, in order to have a better understanding of the
decrease in remanence ratio at low temperature, ferromagnetic
resonance measurements are carried out to determine the
presence and intensity of the out-of-plane anisotropy.

We also use the SQUID magnetometry to measure the
saturation magnetization at different temperatures (see Fig. 5),

FIG. 5. (Color online) Saturation magnetization versus temper-
ature curve of the MBE-grown Mn5Ge3 thin film, measured by
SQUID, using an external field of 1.5 T. The Curie temperature is
T

C
= 300 ± 5 K.
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which will be useful for the temperature-dependent ferromag-
netic resonance (FMR) measurements in the following section.

B. Theoretical model for ferromagnetic resonance in Mn5Ge3

The ferromagnetic resonance technique is an efficient way
to determine the properties related to the magnetocrystalline
anisotropy of magnetic materials [26–29]. Each type of crystal
symmetry is defined by a free energy and the magnetization
easy axis is found by minimizing this free energy. The
crystalline structure of Mn5Ge3 has a hexagonal symme-
try, therefore, the corresponding free energy will have the
same expression as in the case of a tetragonal structure,
except that the fourth and sixth order anisotropy terms
are neglected, thus only leaving second order terms. The
total free energy includes three contributions [26], which
are the Zeeman energy FZeeman = −HM[cos θM cos θH +
sin θM sin θH cos (ϕM − ϕH )], the shape anisotropy energy
Fshape = 2πM2 cos2 θM considering that the thin film is an
infinite plane, and the magnetocrystalline anisotropy energy.
H and M are the amplitudes of the external magnetic field and
the magnetization of the sample, respectively. The coordinate
system used in this study and the angles θM , θH , ϕM , and ϕH are
defined in Fig. 6. Since a hexagonal symmetry is considered
in our case, the magnetocrystalline anisotropy energy is only
parametrized by H‖ and H⊥, the second order in-plane and
out-of-plane anisotropy fields, respectively. Therefore, the free
energy of our sample is expressed as follows:

Fhexagonal = FZeeman + Fshape − 1

2
MH⊥ cos2 θM

− 1

2
MH‖ sin2 θM cos2

(
ϕM − π

3

)
. (1)

In a ferromagnetic material, the magnetization dynamics
M(t) can be modeled by the Landau-Lifshitz-Gilbert (LLG)

FIG. 6. (Color online) Coordinate system used for the FMR
calculations and experiments. θM and θH are the out-of-plane
magnetization angle and field angle, respectively. And ϕM and ϕH

are the in-plane magnetization angle and field angle, respectively.
The sample’s normal axis corresponds to the [111] direction of the
Ge substrate, and (x,y,z) is defined so that the z direction is parallel
to the magnetization.

equation:
d M(t)

dt
= −γ M(t) × Heff + α

MS
M(t) × d M(t)

dt
, (2)

where γ is the gyromagnetic ratio, α is the damping constant,
and MS is the saturation magnetization. Only the first term
is required to study the angular dependence of the resonance
field. The second term, which involves the damping constant,
is related to the angular dependence of the linewidth of the
FMR signals.

The effective magnetic field Heff includes the external
magnetic field H and a field HM , which takes into account
the contributions of the perpendicular anisotropy H⊥ and the
demagnetizing field induced by the magnetization M(t). Since
the demagnetizing field and the perpendicular anisotropy field
have the same symmetry, it is natural to include them in the
same contribution. The ferromagnetic resonance condition is
derived from the total free energy and the LLG equation, and
is given by(

ω

γ

)2

= [HFMRa1 + b1][HFMRa1 + b2] − b2
3, (3)

where ω is the microwave frequency, and a1, b1, b2, and b3 are
given by

a1 = cos θM cos θH + sin θM sin θH cos (ϕM − ϕH ),

b1 = −
[

4πMS − H⊥ + H‖ cos2

(
ϕM − π

3

)]
cos (2θM ),

b2 = −(4πMS − H⊥) cos2 θM

−H‖

{[
cos θM cos

(
ϕM − π

3

)]2

− cos 2

(
ϕM − π

3

)}
,

b3 = H‖ cos θM sin

(
ϕM − π

3

)
cos

(
ϕM − π

3

)
.

In the following section, the temperature dependence of the
magnetocrystalline anisotropy in our sample will be discussed.
The Callen-Callen law is a theory derived from models
developed by Akulov [30] and Zener [31,32], which assumes
that the variations of the anisotropy energy as a function of the
temperature have the same origins as that of the magnetization,
due to the coupling between the magnetization and the crystal
lattice. So the anisotropy coefficient can be expressed as a
power law of the magnetization [30–34], as follows:

(
Kn(T )

Kn(0)

)
=

(
MS(T )

MS(0)

)n(n+1)/2

, (4)

where Kn(T ) and MS(T ) are the nth order anisotropy coef-
ficient at temperature T and the saturation magnetization at
temperature T , respectively. In the case of our Mn5Ge3 thin
film, the Callen-Callen law would give a cubic law, due to the
presence of a second order uniaxial anisotropy only.

C. Experimental results of FMR measurements and discussion

The experimental study of the magnetocrystalline
anisotropy of Mn5Ge3 is carried out by using both FMR and
SQUID. The dependence of the FMR signals as a function
of the magnetic field angle is studied both in the in-plane
and the out-of-plane geometries. The FMR measurements
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FIG. 7. (Color online) FMR signals recorded as the first deriva-
tive of the microwave absorption in the in-plane geometry at (a)
295 K and (b) 100 K. The in-plane measurements show no variation
of resonance field as a function of angle, so magnetocrystalline
anisotropy is absent in the sample’s plane. The in-plane FMR
measurements were performed by applying a magnetic field in the
sample’s plane and rotating it along its normal axis.

are performed by using an electron paramagnetic resonance
spectrometer at a microwave frequency of 9.08 GHz. Our study
focuses on the position of the ferromagnetic resonance field
(HFMR) as a function of the field angle at various temperatures
from 18 to 295 K. The sample is rotated with a goniometer
attached to the sample holder.

The in-plane FMR spectra at 295 and 100 K (Fig. 7) do
not show any variations as a function of angle. Consequently,
all the axes contained in the magnetic film’s plane are
equivalent in terms of magnetocrystalline anisotropy. All the
measurements at temperatures between 18 and 295 K also lead
to the same conclusion. Therefore, through those experimental
measurements we can infer that the sample’s plane has no
magnetocrystalline anisotropy, thus resulting in H‖ = 0. This
result is important for the out-of-plane FMR measurements
because it significantly simplifies the ferromagnetic resonance
condition and also results in ϕM = ϕH . The effective field is
defined as Heff = H + HM and can be expressed in the (x,y,z)
coordinate system, where

H = H

⎛
⎝ 0

sin (θM − θH )
cos (θM − θH )

⎞
⎠, (5)

HM = −(4πMS − H⊥) cos θM

⎛
⎝ 0

sin θM

cos θM

⎞
⎠. (6)

FIG. 8. (Color online) FMR spectra in the out-of-plane geometry
for the Mn5Ge3 thin film, measured at 200 K. One can see that a higher
external magnetic field is required in order to obtain the resonance as
the direction of the field gets closer to the normal axis of the sample.

The out-of-plane field angle dependence of the ferromag-
netic resonance field is obtained from the static equilibrium
condition M × Heff = 0, and the ferromagnetic resonance
condition. Those two conditions lead to the following set of
equations:

2H sin (θH − θM ) + 4πMeff sin 2θM = 0,
(7)(

ω

γ

)2

= [HFMR cos (θH − θM ) − 4πMeff cos (2θM )]

× [HFMR cos (θH − θM ) − 4πMeff cos2 θM ],

where 4πMeff = 4πMS − H⊥ is the effective magnetization.
According to the above-mentioned model, since the sam-

ple has no in-plane magnetocrystalline anisotropy, the only
possible form of magnetocrystalline anisotropy is a uniaxial
perpendicular anisotropy. Concerning the out-of-plane FMR
measurements (Fig. 8), the presence of the demagnetizing
field makes it difficult to distinguish the contribution of the
perpendicular uniaxial anisotropy from that of the demagne-
tizing field regarding the shift of the resonance field position,
when the direction of the field approaches the sample plane’s
normal axis. For that reason, the values of 4πMeff obtained
by FMR are compared with the values of 4πMS obtained
by SQUID in the previous section. A difference between the
two magnetizations will show the presence of a perpendicular
anisotropy.

The angular dependencies of the out-of-plane ferromag-
netic resonance fields are shown in Fig. 9. One can see that, for
each temperature, there is a match between the experimental
angular dependence of HFMR and the solutions of the set of
equations (7). Solving those equations allowed us to obtain the
effective magnetization for each temperature. The numerical
values of effective magnetization and saturation magnetization
are summarized in Table I. The experimental anisotropy
coefficients are plotted as a function of temperature along
with the theoretical behavior predicted by the Callen-Callen
law [Eq. (4)] in Fig. 10 (red curve). We can clearly notice
that the anisotropy coefficients obtained by FMR deviate from
the cubic magnetization law for almost the entire temperature
range. Therefore, the Callen-Callen law is not applicable to our
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FIG. 9. (Color online) Resonance field as a function of the field angle to the normal axis of the sample for different temperatures. The
experimental data is given by the black dots and the solutions of the set of equations (7) are given by the red curves. The effective magnetizations
at each temperature are calculated from the above-mentioned model. The theoretical model for FMR in Mn5Ge3 fits well the experimental
measurements.

case. However, although a cubic law is not valid for Mn5Ge3,
the experimental points seem to vary as the cubic square root of

TABLE I. Comparison between the saturation magnetization
obtained by SQUID and the effective magnetization obtained by
FMR. The perpendicular anisotropy field is calculated by subtracting
the two magnetizations. K⊥ is deduced from H⊥ = 2K⊥/MS.

T 4πMeff 4πMS H⊥ K⊥
(K) (A/m) (A/m) (A/m) (A2/m2)

18 4.4 × 105 6.2 × 105 1.8 × 105 5.6 × 1010

100 4.0 × 105 5.8 × 105 1.8 × 105 5.2 × 1010

200 3.4 × 105 5.1 × 105 1.7 × 105 4.3 × 1010

230 3.1 × 105 4.7 × 105 1.6 × 105 3.8 × 1010

295 1.1 × 105 2.2 × 105 1.1 × 105 1.2 × 1010

the magnetization. A relatively good fit with the corresponding
curve can be seen in Fig. 10 (blue curve). The red and
blue curves in Fig. 10 are calculated from the temperature
dependence of the magnetization measured by SQUID in
Fig. 5. In ferromagnets, the magnetocrystalline anisotropy
usually decreases much faster than the magnetization when
the temperature increases, with exponents equal to 10 or 21
for cubic anisotropies and 3 for uniaxial anisotropy [31–35].
In our case, the perpendicular anisotropy energy still decreases
faster than the magnetization but at a slower pace than what
can be found in literature. According to Eq. (1) and the result
deduced from Fig. 10, the perpendicular anisotropy energy can
be written as

F⊥ = K⊥(18 K)

(
MS(T )

MS(18 K)

)1.5

cos2 θM. (8)
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FIG. 10. (Color online) The red curve represents the calculated
prediction from the Callen-Callen law for a second order uniaxial
anisotropy, and the blue curve represents the calculated temperature
dependence of the anisotropy energy coefficient assuming that it
varies as the cubic square root of the magnetization. The calculations
are based on the results given in Fig. 5. A cubic square root law
seems to be more adapted to describe magnetocrystalline anisotropy
in Mn5Ge3 than the cubic relationship predicted by the Callen-
Callen law. The Callen-Callen law appears to be valid only at low
temperatures (<40 K).

As a result, the temperature dependence of the perpendicular
anisotropy to shape anisotropy energy ratio is given by the
following relationship:

F⊥
Fshape

∝ 1√
MS(T )

. (9)

Such temperature dependence shows that the contribution of
the perpendicular anisotropy actually becomes a lot weaker
than that of the shape anisotropy when the temperature
decreases. Consequently, although the presence of a perpen-
dicular magnetocrystalline anisotropy has been evidenced by
FMR, it does not explain why the in-plane remanence ratio of
the Mn5Ge3 thin film decreases at low temperatures. We can
thus infer that the decrease of the in-plane remanence ratio
has another origin, such as the variation of the strain in the
Mn5Ge3 crystal with temperature.

Even though the perpendicular anisotropy is not the direct
cause of the decrease of the in-plane remanent magnetization,
its temperature dependence shows interesting and unusual
features. It has been reported that the temperature dependence
of the magnetocrystalline anisotropy given by the Callen-
Callen law represents a relatively good model for ferromagnets
with localized magnetic moments [36]. This is because it
is based on a single-ion anisotropy model. In our case, the
perpendicular uniaxial anisotropy still follows a power law,
but the power is lower than the predicted value. Being a
compound based on a transition metal, Mn5Ge3 is likely to
be an itinerant ferromagnet, and the Callen-Callen law may
be less accurate for magnetocrystalline anisotropy in itinerant
ferromagnets. It has been established in a previous study that
itinerant ferromagnetism can induce a decrease of the exponent
in the power law [36], and this fact has mainly been reported
for the case of the L10 phase of FePt, for which the exponent

in the temperature dependence is 2.1 instead of 3 for the
uniaxial anisotropy [36–38]. Such temperature dependence has
successfully been modeled by using a relativistic description of
the electronic structures, which gives a better description of the
spin-orbit interaction [37,38]. The application of such model
to our case may not be straightforward due to the complex
stoichiometry of Mn5Ge3 and the origin of its ferromagnetism
not being fully understood. So, although we can assume that
the deviation from the Callen-Callen law in our case is due
to itinerant ferromagnetism, the reason why the exponent
is decreased from 3 to 1.5 remains to be studied more
thoroughly. And one should also note that the assumptions
made in the Callen-Callen model do not take into account
the magnetostriction [33,34]. When the temperature varies,
the c/a ratio of the hexagonal Mn5Ge3 can also change and
lead to the presence of magnetostriction, which represents a
magnetic anisotropy that is intrinsic to the material. Further
investigations will be carried out to verify if magnetostriction,
along with the itinerant nature of the ferromagnetism in
Mn5Ge3, can be the reason why the temperature dependence
of its perpendicular uniaxial anisotropy deviates from the
Callen-Callen law.

IV. SUMMARY AND CONCLUSION

In summary, the use of SQUID magnetization measure-
ments and FMR measurements together allowed us to detect
the presence of a perpendicular magnetic anisotropy in a
Mn5Ge3 thin film, which increases when the temperature
decreases. We successfully estimated the numerical values of
the anisotropy fields for several temperatures, and it is clear that
the temperature dependence of the perpendicular anisotropy
does not follow the Callen-Callen law in the case of this
material. Its variation pattern appears to be closer to the cubic
square root of the magnetization, and 1.5 is an unusual scaling
exponent for a case of uniaxial anisotropy. Such temperature
dependence would mean that the perpendicular anisotropy in
Mn5Ge3 does not contribute to the loss of the in-plane magnetic
remanence ratio at low temperatures, as assumed initially.
Knowing that the c axis of Mn5Ge3 is the preferential axis for
the magnetization in the bulk material, the presence of such
perpendicular anisotropy in the thin film is most likely due to
the particular epitaxial relationship between the ferromagnet
and the substrate Mn5Ge3(001)/Ge(111), which allows the
hexagonal c axis to grow perpendicularly to the substrate, thus
giving rise to a magnetocrystalline anisotropy in the normal
axis of the thin film, in addition to the shape anisotropy.
The temperature dependence of magnetocrystalline anisotropy
stressed in this work represents another case of noninteger
power law of magnetization, in addition to the studies done on
L10 phases in the past.
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