
PHYSICAL REVIEW APPLIED 20, 054017 (2023)

Engineering of perpendicular magnetic anisotropy in half-metallic magnetic
Heusler epitaxial thin films

V. Palin ,1,2 C. Guillemard ,3,† C. de Melo ,1,‡ S. Migot,1 P. Gargiani,3 M. Valvidares,3
F. Bertran ,2 and S. Andrieu 1,*

1
Institut Jean Lamour, Université de Lorraine/CNRS, UMR7198, Nancy 54011, France

2
Synchrotron SOLEIL, L’Orme des Merisiers, Departementale 128, Saint-Aubin 91190, France

3
ALBA Synchrotron, Cerdanyola del Vallès, Barcelona E-08290, Spain

 (Received 10 July 2023; revised 8 September 2023; accepted 4 October 2023; published 7 November 2023)

Efficient spintronic devices based on thin films need a full spin polarization at Fermi energy, ultralow
magnetic damping, and magnetization perpendicular to the film plane. Co2MnSi and Co2MnGe half-metal
magnets Heusler compounds are good candidates due to their minority spin gap that leads to fully polar-
ized current and ultralow magnetic damping. However, their low magnetocrystalline anisotropy leads to
in-plane magnetization. One way to get perpendicular magnetic anisotropy in such Heusler compounds is
to grow them on MnxGa- or MnxGe-buffer layers with the D022 structure for which a strong magnetocrys-
talline anisotropy was reported. Here we first analyzed the impact of the stoichiometry of these binary
alloys on their magnetic properties where the largest magnetocrystalline anisotropy was observed for the
3:1 stoichiometry. The replication of this perpendicular magnetic anisotropy in several half-metal magnet
Heusler compounds epitaxially grown on top of them was thus analyzed by using standard magnetometry
but also x-ray magnetic circular dichroism and in situ magneto-optic Kerr effect measurements. Squared
hysteresis loops needed for applications were obtained using Mn3Ge with a coercive magnetic field that
can be tailored by varying the different thicknesses in the stack. Our results also allowed us to explain
some reported magneto-optic Kerr effect results not yet understood.

DOI: 10.1103/PhysRevApplied.20.054017

I. INTRODUCTION

Magnetic random access memories (MRAMs) have
been in the market since 2006 but have trouble to impose
themselves as recording media in our daily computers.
Nowadays, hard drive disks (HDDs) and solid-state drives
(SSDs) are still commonly used. Despite the huge progress
made in the spintronic field with spin-transfer torque and
spin-orbit torque MRAM (STT and SOT MRAM) the
development of alternative materials with more suitable
properties to ensure the viability of these devices is still
ongoing. The main challenges that physicists have to over-
come are the following. First, a high Curie temperature
is mandatory to implement the ferromagnetic layer in our
daily devices. Second, a full spin polarization at the Fermi
energy ensures that all the electrons (either spin up or spin
down) are going to participate to the polarization of the
current without any loss, and consequently increase the
devices efficiency. Third, a low Gilbert magnetic damping
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coefficient α is needed to facilitate the magnetization
reversal in devices. Fourth, a magnetization perpendicu-
lar to the thin-film surface is preferred since it reduces the
needed current to switch the magnetization compared to
in-plane magnetization and also allows the device size to
be decreased by pushing back the superparamagnetic limit.
Moreover, perpendicular magnetic anisotropy (PMA) thin
films are ideal two-state devices, offering stable and dis-
tinct magnetization orientations for reliable information
storage and processing.

Materials exhibiting a full spin polarization at the Fermi
energy exist and are named half-metal magnets (HMMs).
This property comes from an asymmetry in the density
of state. For one spin channel, states are available at the
Fermi energy while a gap is present for the other spin
orientation. Therefore, HMM materials are conductors for
one spin channel (usually the majority one) and insula-
tors for the other spin channel (usually the minority one)
leading to a full spin polarization at the Fermi energy.
This remarkable property was predicted in 1983 by de
Groot [1] in the half-Heusler NiMnSb compound. Since
this pioneering theoretical work, other full-Heusler com-
pounds were predicted to host this band-structure behavior
(see, for instance, Ref. [2]). A pivotal step was reached
after the robust HMM experimental confirmation (by using
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spin-resolved photoemission spectroscopy) in the full-
Heusler Co2MnSi compound [3,4]. This HMM behavior
was thus explored in other Co2Mn-based Heusler com-
pounds [5]. Even more interesting, high spin polarization
and low magnetic damping are linked together [6]. Indeed,
due to the lack of density of states for one spin channel at
the Fermi energy in HMM, the spin relaxation by spin-flip
mechanism is prohibited. It is then obvious that these com-
pounds are predicted to host low magnetic damping. We
reported magnetic damping coefficients as low as 4 × 10−4

and 5.5 × 10−4 in Co2MnSi and Co2MnGe, respectively
[5], which are the lowest values obtained on conduct-
ing thin films up to now. This analysis finally highlighted
that Co2MnSi and Co2MnGe are excellent candidates for
alternative spintronic devices.

One of the remaining challenges for Co2MnZ com-
pounds is the achievement of PMA. Indeed, in thin-film
geometry, the demagnetizing field forces the magnetiza-
tion to be in plane. Nevertheless, it is possible to overcome
the shape anisotropy by playing on magnetocrystalline
anisotropy in bulk or generated at the surfaces and inter-
faces. The main problem is that Co2MnZ ′ compounds
have low magnetocrystalline anisotropy. Thankfully, other
Heusler alloys host strong magnetocrystalline anisotropy
that allows the demagnetizing field to be overcome and
the PMA to be obtained. These alloys belong to the Mn3Z
family [7] and have attracted a lot of attention. When
the growth is realized in the D022 structure, the unit cell
has a tetragonalized shape and is elongated along its c
axis with a c/a ratio of the order of 1.8. Such a unit cell
allows an easy magnetization axis to be obtained along the
c direction. It is therefore possible by choosing carefully
the substrate or the buffer layer to complete the growth
along this peculiar axis and obtain PMA. The growing
interest on material with strong bulk magnetic anisotropy
has led to several density-functional calculations on var-
ious Mn-based Heusler alloys [7–11]. A lot of Mn3Z
alloys have been identified to potentially grow in distorted
phases but only a few of them have been reported experi-
mentally, namely Mn3Ga [12–18], Mn3Ge [9,19–25], and
Mn3Sn [26]. It appears that the most attractive tetragonal
compounds are Mn3Ga and Mn3Ge since they host, for
instance, high PMA, high Curie temperature or low satura-
tion magnetization. Finally, some experimental works have
been published using Mn100−xZx layers, essentially with
Z = Ge and Ga. A detailed review is given in the first part
of this paper. Even if PMA is often observed, the reported
magnetic properties are very different from one paper to
the other. Stoichiometry and chemical ordering turn out to
be very useful to keep the interesting properties. However,
extracting clear trends from the existing literature proves
to be challenging.

In this paper, we propose to investigate in detail the
PMA in these alloys and compounds thanks to our molec-
ular beam epitaxy (MBE) setup that allows us to control

the stoichiometry of binary, ternary, or quaternary alloys
with an accuracy close to 1% [27]. Moreover, the possibil-
ity to heat the layers during and/or after the growth allows
us to obtain an optimized chemical ordering. A first step
of this study was to characterize the structural and mag-
netic properties of Mn100−xGax and Mn100−xGex thin films
by varying x from 0 to 100 in order to choose the best
layer combination that validates the different prerequisites
for spintronic applications. The second step was to look at
the replication of this PMA on the HMM layer grown on
top of this buffer layer.

The films were grown by MBE. Standard structural anal-
ysis were performed in situ by using electron diffraction
during the growth and ex situ by using x-ray diffraction and
high-resolution transmission electron microscopy (TEM).
The chemical ordering inside the unit cell was checked by
using scanning TEM with high-angle angular dark-field
analysis (STEM HAADF). Different magnetic character-
ization means were used, including magnetization mea-
surement [superconducting quantum interference device
vibrating sample magnometer (SQUID VSM) and/or phys-
ical property measurement system vibrating sample mag-
nometer (PPMS VSM)], sensitive to the whole sample,
including the substrate, x-ray magnetic circular dichroism
(XMCD), interesting because of its element-specific sen-
sitivity, and in situ magneto-optical Kerr effect (MOKE)
to probe the top film without interference from the sub-
strate. The paper is organized into seven sections. The
second section is dedicated to a review of published works
on thin films made of Mn-Ga and Mn-Ge alloys. Growth
details and characterization means used in this study are
presented in the third section. The fourth section focused
on PMA in Mn100−xGax and Mn100−xGex thin films alone.
The fifth section is dedicated to the replication of this PMA
in a HMM material using XMCD to get information from
both Mn3Ge and HMM layers separately. As Mn is present
in both layers using Co2Mn-based HMM films, Co2FeGe
films grown on Mn3Ge were thus preferred for such
XMCD measurements. In the sixth section, we focused on
the PMA replication in the most interesting Co2Mn-based
HMM, i.e., Co2MnSi and Co2MnGe, by using a dedicated
UHV MOKE setup. The samples were thus measured just
after the growth all under UHV. Note that we also studied
in this section the Mn3Ge/Co2FeGe already fully charac-
terized by XMCD in the previous section. Finally, all the
results are summarized and compared to the literature in
the last section.

II. LITERATURE REVIEW ON Mn3Z AND
STRATEGY OF THE PRESENT WORK

A. Mn3Z compounds in general

While the big majority of Heusler alloys are cubic lead-
ing to zero PMA, some of them can crystallize in distorted
structures that may host strong PMA. Such distortions are
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FIG. 1. D03 cubic structure on the left and D022 tetragonal
structure on the right of Mn3Z compounds. In the D022 struc-
ture, Z, MnI, and MnII are, respectively, in Wyckoff positions
2a → (0, 0, 0), 2b → ( 1

2 , 1
2 , 0), and 4d → ( 1

2 , 0, 1
4 ), (0, 1

2 , 1
4 ).

predicted to potentially host huge bulk magnetocrystalline
anisotropy coefficient KV, especially in Mn-based Heusler
alloys (Mn3Z family). Different structures for Mn3Z alloys
have been identified in the literature with the most popu-
lar ones being the cubic D03 structure, the hexagonal D019
structure, and the tetragonal D022 structure. Two of them
are represented in Fig. 1. As one can see, full-Heusler com-
pounds contain two different magnetic sublattices coming
from the different chemical environments felt by atoms in
both sublattices. This can lead to peculiar spin arrangement
as, for instance, ferromagnetism, antiferromagnetism, or
ferrimagnetism.

The D03 structure is a classical cubic structure. Usu-
ally, D03 phase is used to point out disorder between X
and Y atoms in the X2YZ Heusler unit cell. Here, since
X and Y atoms are Mn atoms, D03 structure corresponds
to an ordered structure and this nomenclature is only due
to the presence of Mn in three crystallographic sites. The
studies performed on D03 Mn3Z compounds aim to get
half-metal-compensated ferrimagnets. The D03 structure
is predicted to possibly generate a moment compensa-
tion of Mn atoms on their different crystallographic sites.
In 2006, Wurmehl et al. [28] predicted a half-metallic-
compensated ferrimagnetic behavior in D03 Mn3Ga. In
addition to a half-metallicity, such compounds do not
have any stray field and the impact of an external mag-
netic field is minimized making them very promising for
future applications. Unfortunately, no property of mag-
netocrystalline anisotropy has been determined for this
structure. The hexagonal D019 (P63/mmm, space group
no. 194) structure has also been investigated for its non-
collinear antiferromagnetic phase with a triangular spin
configuration. This antiferromagnetic order has been pre-
dicted by first-principles density-functional theory [8] and
experimentally observed in Mn3Ga [29], Mn3Ge [24], and
Mn3Sn [30].

The D022 structure (I4/mmm, space group no. 139) is a
tetragonalized version of the D03 structure with basis vec-
tor turned by 45◦ as shown in Fig. 1. It can be viewed
as a cubic phase with a distortion along the z axis that
produces an easy axis for magnetic moments along this
direction (i.e., along the unit cell’s c axis). The growing
interest on material with strong bulk magnetic anisotropy
has led to several density-functional calculations on var-
ious Mn-based Heusler alloys [7–11]. A lot of Mn3Z
alloys have been identified to potentially grow in distorted
phases but only a few of them have been reported experi-
mentally, namely Mn3Ga [12–18], Mn3Ge [9,19–25], and
Mn3Sn [26] since the stabilization of tetragonal phase can
be complex as explained by Zhang et al. [8] for Mn3Sn.
Moreover, chemical ordering turns out to be very use-
ful to keep the interesting properties. The most attractive
tetragonal compounds are Mn3Ga and Mn3Ge since they
are ferrimagnetic in bulk and host high PMA, high Curie
temperature, or low saturation magnetization.

B. Mn3Ga compound and Mn100−xGax alloys

As said before, density-functional calculations [7,8,
10,11] have been performed on Mn3Ga compound to
unveil its outstanding properties. Its experimental study
has begun in 1970 with the work of Kren et al. [12] who
investigated the growth of Mn2.85Ga1.15. First of all, they
obtained the hexagonal D019 phase with a weak ferro-
magnetic behavior. An annealing up to 750 K leads to
the tetragonal D022 Heusler structure with a c/a ratio of
1.824. Thanks to neutron diffraction, they measured a fer-
rimagnetic order coming from the two nonequivalent Mn
sites, which results in a MnI moment of −2.8 ± 0.2μB and
a MnII moment of 1.6 ± 0.2μB. As the D022 structure is
made of two inequivalent Mn crystallographic sites with
MnI and MnII, respectively, in Wyckoff position 2b and
4d, the Ga atom is in 2a position. The Mn in 2b and 4d
positions are coupled antiferromagnetically resulting in an
overall ferrimagnetic structure as sketched in Fig. 1. The
alternating planes of up and down moments are expected
to be collinear and aligned along the z direction.

Many years later, Balke et al. [13] showed with theo-
retical calculations and experiments that the D022 phase
presents a ferrimagnetic order coming from partially com-
pensated moments in accordance with previous works.
Moreover, they found theoretical moments on MnI and
MnII sites of, respectively, −2.896μB and 2.355μB, which
give rise to a total moment of Mtot = 1.77μB. Thanks to
electronic structure calculations, they predicted a nearly
half-metallic ferrimagnet with 88% of spin polarization at
the Fermi energy and experimental results gave a Curie
temperature of 762 K. Finally, they showed moment tun-
ability from 0 to 1μB by changing the Mn ratio from
Mn3Ga to Mn2.85Ga. The work of Balke et al. was con-
firmed by the publication of Winterlik et al. [14], which
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goes further. They studied Mn3−xGa with x varying from
0 to 1. Every compound crystallized in the D022 structure.
Furthermore, volume and c/a ratio increased with Mn con-
tents while moments decreased from 0.47μB to 0.26μB and
were lower than the theoretical values determined by Balke
et al. [13]. Both works showed a high magnetocrystalline
anisotropy when Mn3Ga grows in the D022 Heusler phase.
This property comes from the highly tetragonal structure
with a c/a ratio around 1.8 [12–14] leading to KV values of
the order of 1 to 3 MJ m−3 [31,32].

The collinear arrangements between the two Mn sublat-
tices are still under debate. In 2013, Rode et al. [16] pub-
lished a paper focusing on the magnetic moments and espe-
cially the magnetic structure of tetragonal D022 Mn3Ga.
They labeled the origin of the strong magnetic anisotropy
to the Mn 4d site and observed for some samples a soft
intrinsic in-plane component resulting in a noncollinear
structure and coming from the Mn 2b site. This non-
collinear structure is explained by the 2b-site in-plane
anisotropy and by the competing Mn-Mn interactions.
Nowadays, the exact magnetic structure of Mn3Ga is still
unclear. Substrates and buffer layers play a role on thin-
film constrain together with chemical ordering lying in the
sample, which are probably of primary interest to explain
the different results reported in the literature.

Despite this complex magnetic behavior, many papers
have reported the growth of D022 Mn3Ga on numerous
substrates or buffer layers such as MgO [15–17], SrTiO3
[16], GaAs [18], Pt [15], Cr [15,31,32]. All of them state
the presence of a tetragonalized structure with a c/a ratio
of the order of 1.8. All the samples present an easy axis of
magnetization out of plane with a strong uniaxial magne-
tocrystalline anisotropy always estimated close to MJ m−3.
Typical values for magnetocrystalline anisotropy and satu-
ration magnetization are as follows: KV ≈ 1 to 1.5 MJ m−3,
Ms ≈ 200 to 600 emu cm−3 depending on alloy stoichiom-
etry. Hysteresis loops performed on Mn3Ga do not present
a perfectly squared shape but a strong perpendicular easy
axis is always observed. This strong easy axis in magne-
tization results in difficulties to reach saturation with an
in-plane applied magnetic field [18,25].

C. Mn3Ge compound and Mn100−xGex alloys

Similarly to Mn-Ga, Mn-Ge binary compounds pos-
sess a manifold of stable phases [33] but only the sD022
structure is of interest here. D022 Mn3Ge is isomorphic
to D022 Mn3Ga but has been less investigated despite
similar properties. The first reported paper on the tetrag-
onal version of Mn3Ge dates back to 1961 [34] and
the first magnetic study was performed by Krén et al.
[35] in 1971 unveiling the presence of the two differ-
ent Mn moments with, respectively, MnI = −2.8 ± 0.3μB
and MnII = 1.6 ± 0.2μB, respectively. The structure is
organized similarly to Mn3Ga leading to a ferrimagnetic

behavior. Studies done to make use of the strong mag-
netocrystalline anisotropy of D022Mn3Ge arrived during
the 2010s [8,9,19,20,22,23,25,36]. The group of Kurt [9]
investigated tetragonal Mn3Ge for its potential applica-
tions on nanoscale spin valve or magnetic tunnel junction
(MTJ). They mastered Mn3Ge growth on SrTiO3 sub-
strate with a c/a ratio of 1.866 in accordance with the
D022 structure. Magnetization measurement confirms the
out-of-plane easy magnetization axis with a huge coer-
civity μ0HC = 2.3 T and a resulting anisotropy constant
Ku = 0.91 MJ m−3. Magnetic measurement with the field
applied parallel to the surface unveils a small in-plane
component that may be a consequence of frustration of
some of the exchange bonds. They measured the spin
polarization at the Fermi level by point-contact Andreev
reflection with a resulting value of 46% well below the
theoretical value of 75% obtained by density-functional
calculations. After this investigation, other groups tried to
control the D022 Mn3Ge growth on various types of sub-
strate or buffer layers such as MgO [36], Cr [19,20,22,25],
or Ru [23] studying particularly stoichiometric and off-
stoichiometric Mn3−xGe alloys to investigate the robust-
ness of the D022 phase and the impact of stoichiometry on
the relevant properties [19,20,36]. The most relevant effect
for STT and SOT applications revealed by Ref. [19] is the
nonsquare shape obtained for off-stoichiometry samples. It
must be noted that nonsquare shapes are also obtained for
stoichiometric Mn3Ge samples grown on SrTiO3 [9], MgO
[36], and Ru [23] seed layer. Nonetheless, magnetocrys-
talline anisotropy Ku, saturation magnetization Ms and c/a
ratio stay in the same range. As a summary, the main exper-
imental properties values extracted from the literature
[8,9,19,20,22,23,25,36] for stochiometric D022 Mn3Ge are
as follows: Ku ≈ 2 MJ m−3, Ms ≈ 100 emu cm−3, P =
46%, and a TC above 800 K. Theoretical papers attest to
the good properties of Mn3Ge [7,9,11,36]. Theoretical Ku,
Ms, and P values are always higher than the experimen-
tal ones. For instance, Mizukami et al. [36] calculated an
anisotropy value of Ku = 2.3 MJ m−3, a net magnetization
of Ms = 180 emu cm−3 and a spin polarization at the Fermi
energy of P = 77%. The mismatch between theory and
experience is not yet fully understood but off-stoichiometry
and chemical order may influence these properties. More-
over, they predicted a low damping value of α = 9 × 10−4

with an identified fully spin-polarized �1 band at the Fermi
level that makes Mn3Ge even more promising than Mn3Ga
as MTJ electrodes with a tunneling barrier, such as MgO.

D. Mn3Z/Co2YZ ′ bilayers and superlattices

Preliminary results on MTJ or SOT effect using Mn3Ga
have been published over the years [18,25,37] but our
attention focuses on Mn3Z/Co2YZ ′ compounds here. Only
two groups published papers dealing with the growth
of such Heusler compounds’ bilayers or superlattices
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(SLs). The group of Mizukami at Tohoku University pub-
lished several papers on Heusler bilayers grown by UHV
sputtering. They grew D022 Mn3Ga/Co2FeAl [38–41],
Co2FeSi [39–41], Co2MnSi [40–42], Co2MnAl [40,41]
and managed to obtain out-of-plane magnetized bilay-
ers with a perfect growth of Mn-Ga alloys along its c
axis. At least different magnetic behaviors were reported
from one system to the other. On the one hand, this
group prepared Mn-Ga-based stacks with small Mn-Ga
thicknesses (1 to 6 nm). They reported square loops in
Mn62Ga38/Co2FeAl(0.5–2 nm) superlattices annealed at
400 ◦C [38] and analyzed their results by considering some
antiferromagnetic coupling between Mn-Ga and Co2FeAl.
Almost at the same time, they reported either ferromag-
netic or antiferromagnetic coupling on the same system
depending on the annealing temperature [39]. On the
other hand, the same group studied several full Heuslers
films grown on 30-nm-thick Mn70Ga30 also annealed at
400 ◦C after the growth [40]. They reported hysteresis
loops with a two-step switching explained by an antifer-
romagnetic exchange coupling at the Mn70Ga30 interface
with Co2FeAl, Co2MnAl, Co2FeSi, and Co2MnSi based
on VSM and MOKE measurements. One should note that
the loop shapes observed by MOKE are intriguing and
explained by considering limited depth of MOKE analy-
sis. We will see in this study a trivial explanation of this
effect.

Another group reported similar behavior for Mn3Ga/
Co2MnSi heterostructures prepared by molecular beam
epitaxy [43]. In this study, 30-nm-thick Mn-Ga layers were
grown. Since the epitaxy of MgO on top of a Mn3Ga film
is of bad quality probably because of the large misfit, they
built Mn3Ga-based perpendicular-MTJ with the help of
Co2MnSi alloy. The Mn3.1Ga/Co2MnSi/MgO/Co2MnSi/
Mn2.9Ga structure was investigated and a strong anti-
ferromagnetic coupling is observed. To summarize, the
magnetic coupling between Mn-Ga or Mn-Ge and Co2YZ ′
full Heuslers seems to strongly depend on the bilayer
characteristics and preparation. Factors such as the Mn-
Z stoichiometry and thickness, the choice and thick-
ness of Co2YZ ′, and the annealing process (or lack
thereof) may significantly influence the magnetic coupling
behavior.

III. EXPERIMENTAL DETAILS

This review clearly shows that very different magnetic
properties were reported for systems that seem to be close
or identical. Hysteresis loops with two-step switching were
sometimes observed, sometimes not, without any clear
explanation. Moreover, the alloy stoichiometry is often not
the same in published papers, leading to different hystere-
sis loop shape or different interfacial exchange coupling
values. Our MBE facility is of particular interest to bet-
ter understand these magnetic properties since we are able

to control the stoichiometry with an accuracy around 1%
[27]. The first step of our study was thus to vary the
stoichiometry by growing Mn100−xGax and Mn100−xGex
alloys. This allowed us to study the structural and mag-
netic behavior of these films for perfect chemical ordering
like in Mn3Z (x = 25) but also for off stoichiometric com-
positions. The second step was to grow HMM Co2MnSi
or Co2MnGe on top of these buffer layers and to maintain
PMA in the whole stack.

All the films were grown and characterized using the
Daum tube facility at Jean Lamour Institute. This 70-
m-long UHV tube is equipped with 30 machines. Three
setups were used in this study: the quaternary MBE,
equipped with three e-guns with six pockets each and
six Knudsen cells (24 available materials), a standard
Auger/x-ray spectroscopy facility for chemical analysis,
and a UHV MOKE system in polar geometry to mea-
sure the hysteresis loops along the growth direction (Fig.
S1 within the Supplemental Material [44]). MgO(001)
substrates were used since many metallic films can be epi-
taxially grown on top of it (see, for instance, Ref. [45]).
MgO substrate was outgassed in situ at a temperature
around 700 ◦C (mesured with a pyrometer focused on the
sample surface using an arbitrary chosen emissivity equal
to 0.85 for all the films) to clean the surface. Straight after,
a 10-nm-thick MgO layer was deposited around 650 ◦C
to bury the residual carbon contamination and smooth the
surface.

Since Mn3Z growth attempts on MgO substrate were not
successful [11], three different buffer layers were therefore
tested: Pd(001), V(001), and Cr(001). A V-buffer layer was
tested due to its resistance to intermixing with many ele-
ments up to quite large substrate temperatures. However, it
was rapidly disqualified because Mn3Ga grows on it in its
D03 cubic structure [46]. In contrast, the D022 phase was
already obtained using Pd- and Cr(001)-buffer layers [13,
15,19,20,22,25,32,46]. In theory a Pd-buffer layer is ideal
since its cell parameter [fcc − aPd(001) = 3.89 Å] fits per-
fectly to in-plane Mn3Ga one. Cr is also a good candidate
[bcc − 2aCr(011) = 4.07 Å]. The Pd(Cr)/Mn3Z layers’
intermixing temperature dependence was studied using
Auger spectroscopy and no intermixing was observed up
to 400 ◦C. However, we limited the growth temperature of
HMM Co2MnSi or Co2MnGe on top of Mn3Z layers to
250 ◦C since intermixing between the layers was observed
to start around 300 ◦C. The second step was thus to check
the replication of Mn3Z PMA on the Heusler HMM com-
pounds grown on top. This goal was however constrained
by many experimental limits. First, the basic Mn3Z/X2YZ ′
block useful for XMCD eliminates the choice of Co2MnZ ′
compounds since Mn is in both layers. We consequently
choose the Mn3Z/Co2FeGe block for XMCD studies. Sec-
ond, if a Mn3Z/Co2FeGe bilayer is pertinent for XMCD
studies, the amount of materials is too small for VSM and
MOKE measurements. Superlattices (with five repetitions)
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were thus grown for these former techniques. All these
constrains lead to the following samples:

(a) Mn100−xGax and Mn100−xGex thin films grown on
Pd- or Cr-buffer layers, analyzed by VSM and XMCD
(Sec. IV).

(b) Mn3Ge/Co2FeGe bilayers especially dedicated for
XMCD (Sec. V).

(c) Mn3Ge/Co2FeGe superlattices to test MOKE mea-
surements (comparing to XMCD) (Sec. VI).

(d) Mn3Ga/Co2MnSi, Mn3Ge/Co2MnGe, and Mn3Ge/
Co2MnSi bilayers or superlattices for MOKE measure-
ments (Sec. VI).

The SQUID VSM and PPMS VSM measurements were
performed on standard commercial setups. The MOKE
measurements were performed on the UHV MOKE cham-
ber connected to the IJL Daum tube (Fig. S1 within the
Supplemental Material [44]). The XMCD measurements
were performed at the Boreas beamline of the ALBA syn-
chrotron under a UHV environment. Boreas beamline is
equipped with superconducting coils allowing application
of magnetic field up to 6 T along the beam. A cryostat
enables ultralow temperature studies (4 to 350 K) and a full
polarization control is possible on an extended soft x-ray
range going from 80 to 4000 eV.

IV. PMA IN Mn100−xZx FILMS (Z = Ga, Ge)

A. Mn100−xGax films

50-nm-thick Mn-Ga layers were deposited on a 10-
nm-thick Pd-buffer layer. Mn and Ga were evaporated
using Knudsen cells with fluxes fixed to �Mn + �Ga =
2 × 1014 at/cm2/s and (100 − x)�Ga = x�Mn. The Mn-
Ga films were grown around 250 ◦C to avoid intermixing
with Pd, as checked by Auger spectroscopy. The epitaxial
process was checked using reflection high-energy electron
diffraction (RHEED). The RHEED patterns are given in
Fig. 2 and confirm the expected epitaxial relationship as
Mn100−xGax [100](001)//Pd [100](001)//MgO [100](001).
Such RHEED patterns indicate a nice epitaxy with flat sur-
faces. It should be noted that half streaks appear along
Mn-Ga [110] azimuth for x = 25 (Mn3Ga) and persist for
x = 20 and 15%. These half streaks are a proof that chem-
ical ordering took place (similar to Co2MnZ ′ epitaxy, see
Ref. [27]). Although the first interest of RHEED is to check
the epitaxial process during the growth, it is also a very
accurate technique to test the atomic fluxes and thus the
final stoichiometry. Indeed, RHEED intensity oscillations
are generally observed in the case of a two-dimensional
growth process (meaning that the film grows layer by
layer). The delay to complete one (or two) atomic layers
is thus completely fixed by the fluxes. As the fluxes were
firstly calibrated using a quartz microbalance, the delay to

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)

(m) (n)

FIG. 2. RHEED patterns with the electron beam applied along
the [100]MgO and [110]MgO azimuths for Mn85Ga15 (a),(b),
Mn80Ga20 (c),(d), Mn75Ga25 (e),(f), Mn70Ga30 (g),(h), Mn65Ga35
(i),(j), the Pd-buffer layer (after annealing) (k),(l), the MgO sub-
strate (m),(n). On the right, sketch of the epitaxial relationships
between the layers.

complete a layer is thus calculated and afterwards com-
pared to the period measured on RHEED oscillations. We
systematically use this method to check the stoichiometry
[27] (but a 2D growth is needed). For example, for x =
25% (Mn3Ga), the time to complete a layer extracted from
our calibrated fluxes is equal to 6.68 ± 0.1 s to compare to
RHEED oscillations’ period equal to 6.7 ± 0.1 s (Fig. S2
within the Supplemental Material). Another proof of the
good control of the fluxes is obtained from low-angle x-ray
reflectivity that gives the thickness of a thin film. Again,
the target thicknesses of the films (50 nm) were confirmed
by x-ray reflectivity with an accuracy around 1% (Fig. S2
within the Supplemental Material). All these results allow
us to confirm the accuracy on the stoichiometry around 1%
for Mn-Ga alloys.

As RHEED gives only information on the surface lat-
tice, regular x-ray diffraction experiments were performed
in the θ/2θ mode for the whole series after capping with
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(a) (b)

(c)

(d)

FIG. 3. (a) θ/2θ x-ray diffraction spectra of the Mn100−xGax
series with x = 15, 20, 25, 30, and 35. (b) c parameter extracted
from the (004) peaks. (c) A parameter extracted from nonspecu-
lar measurements. (d) Resulting c/a ratio.

a 5-nm-thick gold layer. The results are shown in Fig. 3.
The extracted cell parameter gives an out-of-plane param-
eter c varying from 7.13 to 7.26 Å. In addition, the in-
plane lattice parameters were extracted by looking at (204)
diffraction peaks (not shown) and stand very closely to
the Pd-buffer layer one. The c/a ratio are then calculated.
All these values plotted in Figs. 3(b)–3(d) are in perfect
agreement with the D022 phase observed in the literature
[13,17,18]. Some information on the chemical ordering
can also be extracted from this analysis. Indeed, the peaks’
intensity in the case of this D022 cell with a perfect chem-
ical ordering leads to higher intensities for h + k + l = 4n
peaks compared to h + k + l = 4n + 2 ones. If a random
chemical disorder occurs in the cell, the h + k + l = 4n +
2 peak vanishes. This contribution is clearly visible for
x = 25, 20, and 15% meaning that chemical ordering took
place. If x-ray diffraction may be used to determine the
chemical ordering in the cell, we have shown that this is
not obvious in Co2MnZ ′ compounds [27], and should be
even harder in Mn2MnZ compounds. We use STEM for
this task as will be seen hereafter. Finally, note that the Au
capping was observed to grow along the (111) or/and (001)
crystalline directions depending on the misfit as already
observed on several Co2MnZ ′ compounds [27]. The (002)
resulting peak is hardly distinguishable on the XRD spec-
tra due to its broadness (low thickness) and proximity with
(002) MgO and (002) Pd peaks.

The magnetic properties of the Mn100−xGax series were
studied using vibrating sample magnetometry performed
at room temperature applying the field out of plane of the
sample. As the entire sample was probed, the diamagnetic

(a)
(b)

(c)

(d)

M
sa

t

FIG. 4. (a) Hysteresis loops measured using a PPMS VSM
with an out-of-plane applied magnetic field for the Mn100−xGax
series with x = 20, 25, 30, and 35. (b)–(d) are, respectively, the
coercive field, the remanence, and the saturation magnetization.

contribution (slope correction) coming from MgO was
subtracted to get the layer hysteresis loops as shown in
Fig. 4. In-plane measurements were also performed but
not shown here since saturation was never reached even
at 7 T. Indeed, it was thus very difficult to correctly sub-
tract the diamagnetic contribution from MgO and hence
to get the correct signal coming from the layer. One can
see in Fig. 4 that each composition shows a clear cycle
opening in the out-of-plane direction as a result of PMA,
except for x = 15% (not shown) for which we observed
only the diamagnetic MgO contribution (meaning negligi-
ble magnetization for the Mn85Ga15 layer). For the other
concentrations, the hysteresis loops do not exhibit a square
shape and are bent as seen in the literature. This analysis
leads us to key conclusions:

(i) For large Mn concentration (x < 20%), very small
magnetizations (or even zero) are detected, which can be
explained by the tendency of the alloys to be antiferromag-
netic (as in pure Mn).

(ii) For x = 25%, the magnetization is still small, a
huge magnetocrystaline anisotropy is present, and the mag-
netization reversal operates from 0 to 8 T. These observa-
tions are in agreement with a ferrimagnetic behavior.

(iii) For higher Ga concentrations, the PMA anisotropy
is decreasing but still there, and the magnetic moment
strongly increases.

(iv) The magnetization at remanence does not exceed
80%.

To summarize, we confirm, on the one hand, the
large magnetocrystalline anisotropy in D022 Mn-Ga-based
alloys but we show here that the resulting PMA parameters
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(such as remanent magnetization and coercive field) are
strongly dependent on the stoichiometry. On the other
hand, the nonsquareness of the loops with uncomplete
remanent magnetization are not the ideal magnetic behav-
iors needed for spintronic devices. Nonetheless, these
behavior may be affected when growing Co2MnSi or
Co2MnGe on top of it.

B. Mn100−xGex films

A similar study was performed on 50-nm-thick Mn-Ge
layers first grown on Pd-buffer layers. Similar fluxes and
substrate temperatures were used. The resulting RHEED
patterns are given in Fig. 5 for the whole Mn100−xGex
series. In contrast to Mn-Ga alloys, two epitaxial regimes
were observed depending on the Mn-Ge concentrations.
For x < 25%, RHEED patterns are typical of the D022
structure. Nonetheless, the epitaxial process completely
changes for higher Ge concentration. This observation is
not surprising since other compounds, such as Mn5Ge3

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

FIG. 5. RHEED patterns with a beam applied along the [100]
(left) and [110] (right) MgO azimuths for Mn66Ge33 (a),(b),
Mn70Ge30 (c),(d), Mn75Ge25 (e),(f), Mn80Ge20 (g),(h), Mn85Ge15
(i),(j).

(x = 37.5) or Mn2Ge (x = 33) are stable [33]. The sto-
ichiometry was again checked using RHEED intensity
oscillations and low-angle x-ray diffraction (Fig. S2 within
the Supplemental Material). The main difference with Mn-
Ga alloys is that the bilayer-by-bilayer growth mode is
observed at least for the Mn3Ge compounds, which is a
strong indication of a perfect chemical ordering [27] in this
case.

XRD measurements are plotted in Fig. 6 for the
Mn100−xGex series. Two types of diagrams were obtained:
similar to Mn-Ga ones for x = 15, 20, 25 and corre-
sponding to the D022 structure, but different for x = 30
and 33 where additional diffraction peaks corresponding
to another phase are visible. These unknown peaks are
indexed with black diamonds in the curve of Mn66Ge33
(Mn2Ge). These results are in agreement with the RHEED
observations. At least, this analysis shows that epitaxy
is only observed for Ge concentration lower than 25%
(Mn concentration higher than 75%). We thus report in
Figs. 6(b)–6(d) the extracted a, c and c/a ratio, together
plotted with the values obtained in Mn-Ga alloys for com-
parison. The D022 structures are consequently almost the
same in Mn-Ga and Mn-Ge alloys, except that the in-plane
parameter is lower and hence the out-of-plane c parame-
ter bigger than in Mn-Ga. This is simply due to epitaxial
strain. Similarly to Mn100−xGax samples, the Au capping
grew along (111) or /and (001).

The magnetic properties of these Mn-Ge layers were
studied using PPMS VSM measurements applying the

(a) (b)

(c)

(d)

FIG. 6. (a) θ/2θ x-ray diffraction spectra of the Mn100−xGex
series with x = 15, 20, 25, 30, and 33. The black diamonds
in Mn66Ge33 scan identify the peaks position from other Mn-
Ge phases. (b)–(d) are, respectively, the extracted c, a and c/a
parameters for the Mn-Ge D022 structure, together with Mn-
Ga data for comparison. The Pd in-plane lattice spacing is also
indicated in (c).
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FIG. 7. (a) Hysteresis loops measured at 300 K using a
PPMS VSM with out-of-plane applied magnetic field for the
Mn100−xGex series. (b) coercive field, remanent, and saturation
magnetization in both Mn-Ga and Mn-Ge films synthesized in
the D022 structure.

same process used for Mn-Ga alloys. The results are
shown in Fig. 7. All the films show an out-of-plane
easy-magnetization axis. Unlike Mn-Ga samples, the Mn-
Ge alloys display a clear different hysteresis shape with
regards to Mn content. For high Ge concentration, for
which the Mn-Ge layers did not grow in the D022 struc-
ture (x = 15 and x = 20%), PMA is observed but two
steps are clearly visible in the loops. These two steps are
another proof of different phases mixing highlighted by
RHEED and XRD analyses. For the three other Mn-Ge
compositions where the D022 structure is stable, the PMA
is observed strong in Mn3Ge but this effective anisotropy
rapidly decreases when increasing the Mn content. The sit-
uation is consequently very different from Mn-Ga alloys,
except for the 3:1 stoichiometry. The PMA is lower with
Ge than with Ga but at least the magnetic properties of
Mn3Ge are then more appropriate for applications since
squared loops, high remanence, and high coercive field
were obtained. It should be noted that a double step is
still observed in that case. One explanation should be due
to some small areas made of another Mn-Ge phase due
to a slight deviation from the perfect 3:1 stoichiometry.
However, one should not forget that the entire sample
(MgO + Pd + Mn − Ge layers) is probed by VSM here.
As the detected magnetization is very small, any other con-
tribution may affect the measurement. In particular, we will
see in the following that this feature was never detected
using XMCD and MOKE where only the top layers are
probed. The next step of this study is now to look at
replication of this PMA in HMM films grown on Mn3Ge.

After this complete analysis using Pd-buffer layers, we
tested the Mn-Ge growth on Cr-buffer layers also grown
on MgO(001). The structural analysis (RHEED and x-ray
diffraction, see Fig. S3 within the Supplemental Mate-
rial [44]) showed us that the structure of Mn3Ge films
on Cr(001) is still D022 with c = 7.12 Å. This is a lit-
tle bit smaller than on Pd buffers and is explained by a
smaller misfit in Mn3Ge/Pd than in Mn3Ge/Cr. We actu-
ally observed that the coercive field and PMA are thus
smaller, due to smaller tetragonalization. Cr layers were
thus used in the following just for experimental conve-
nience especially for our UHV MOKE setup where a
maximum magnetic field of 0.9 T can be applied.

V. PMA REPLICATION CHARACTERIZED BY
XMCD

A. Mn3Ge/Co2FeGe bilayers on Cr(001)

Mn3Ge/Co2FeGe bilayers were first prepared for
XMCD measurements. Five samples were grown on Cr-
buffer layers with a fixed 5-nm-thick Mn3Ge and a varying
Co2FeGe thickness from 2 to 6 nm. The Au capping thick-
ness was fixed to 2 nm for XMCD requirements. Cr and
Mn3Ge growth process is identical to the one described
in the previous section. The Co2FeGe layer is deposited on
top of them and is expected to have a unit cell turned by 45◦
with respect to the above layer since 2aMn3Ge ≈ aCo2FeGe.
The fluxes were fixed to �Co = 2�Fe = 2�Ge = 1 ×
1014 at. cm−2 s−1 and the temperature deposition was set
to 250 ◦C to avoid interdiffusion. The RHEED and XRD
experiments confirm the Co2FeGe [110](001)//Mn3Ge
[100](001)//Cr [110](001)//MgO [100](001) epitaxial rela-
tionship (Fig. S4 within the Supplemental Material). The
quality of the stack was here checked by using STEM.
50–60-nm-thick cross sections were prepared along the
[110] zone axis by focused ion-beam etching using Ga
ions. A first chemical analysis was done on the cross
section by using energy dispersive x-ray spectroscopy
(EDX) (Fig. 8). The probed edges are K edge of O, L edges
of Cr, Mn, Ge, Co, Fe, and M edge of Au. It should be
noted that we do not look at the O edge in the Cr-buffer
layer due to the fact that O K-edge and Cr L-edge are too
close in energy. This analysis confirms the good chemical
homogeneity in each layer and abrupt interfaces without
intermixing.

STEM HAADF was thus performed to characterize
chemical ordering in Mn3Ge and Co2FeGe layers as shown
in Fig. 9. The [110] zone axis was preferred because our
Heusler compounds has only monoelemental columns [27]
for this direction as sketched in the figure. The chemical
ordering can then easily be analyzed by selecting appro-
priate profiles along the atomic planes stacks. The obser-
vations are in total agreement with the chemical order-
ing expected for the D022 (Mn3Ge) and L21 (Co2FeGe)
structures.
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FIG. 8. Top—TEM image of MgO/Cr/Mn3Ge/Co2FeGe/Au
sample. Bottom—EDX mapping of the cross section. The
mapped area is shown on the left. The chemical occupation along
the stack shows homogeneous concentration of the elements in
each layer without intermixing.

The magnetic properties of these bilayers were analyzed
using XMCD experiments performed at room tempera-
ture at Mn, Fe and Co L2,3 edges. The bilayers series was
capped with only 2-nm-thick Au films in order to limit the
x-ray absorption by the capping. The XMCD results are
shown in Fig. 10. Focusing first on the absorption spec-
tra (XAS), one may note that the Fe and Co XAS spectra
are like in pure metals except for 2 and 3 nm since some
multiplets appears. These multiplets may be attributed to
some oxygen contamination near the Co2FeGe/Au inter-
face due to too thin Au capping to protect the samples
from air. However, a change of Co2FeGe electronic struc-
ture when decreasing the thickness down to few unit cells
cannot be eliminated. We thus prepared the same sample
but with a V-capping layer. As V is lighter than Au, the
capping thickness can be larger (4 nm) without absorbing
too much the x rays. The XAS spectra thus show no more
oxidation (as can be seen for superlattices in Fig. 13). Con-
cerning the Mn XAS, a multiplet structure is clearly visible
for all the samples. This behavior is not surprising since

FIG. 9. From top to bottom, inverse FFT of STEM HAADF
images, line profiles performed on red, green, and blue areas
and expected atomic column arrangements for, respectively, the
Mn3Ge D022 structure on the left and on the Co2FeGe L21
structure on the right.

such multiplet structure was already observed in many Mn-
based Heusler compounds and was explained to come from
the special Mn hybridization with its neighbors in the cell
[16,47,48]. We also observed this multiplet shape on both
50-nm-thick Mn3Ga and Mn3Ge films (see Fig. S5 within
the Supplemental Material [44]).

Looking now at the XMCD in Fig. 10, a negative sig-
nal at the L3 edge and a positive one at the L2 edge were
observed for the three L edges unveiling a ferromagnetic
coupling between all the elements, thus between the two
layers. The orbital, spin, and total magnetic moments for
Co and Fe were extracted from XMCD spectra using the
sum-rule analysis [49] for the Au-capped and V-capped
samples (Fig. 11). It should be noted that this analysis is
not pertinent for Mn due to the too small energy differ-
ence between L2 and L3 (low spin-orbit coupling). First,
the impact of oxidation on the two thinnest samples cov-
ered with Au is visible with low calculated moment due
to the supplementary features on the XAS spectra com-
ing from oxidization, which show no dichroic signal. The
calculated moment is more reliable on the two samples
capped with V. Second, the total moment of Co and Fe
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FIG. 10. XAS (on the left) and XMCD (on the right) spec-
tra measured at L2,3 edges of Co, Fe and Mn. The thicknesses
reported on the right of the curves stand for Co2FeGe layer thick-
ness. Mn3Ge thickness is 5 nm for each sample. Measurement
performed at 300 K under a 6 T magnetic field.

are close to the theoretical values for the highest Co2FeGe
thicknesses, whereas the two thinner samples, especially
for Fe, displayed a reduced moment.

XMCD hysteresis loops were recorded at Fe and Mn
edges with a magnetic field normal to the sample surface
(Fig. 12). Similar loops were observed at the Co edge but
much more noisy (Fig. S6 within the Supplemental Mate-
rial [44]). As expected, the loops at Fe and Mn edges are
exactly the same meaning that the two layers are coupled
and behave as a unique ferromagnetic layer. If PMA was
observed for all the Co2FeGe thicknesses, a clear decreas-
ing tendency of the out-of-plane magnetic anisotropy is
observed while increasing Co2FeGe thickness. Nonethe-
less, hysteresis loops obtained for low Co2FeGe thickness
show a good remanence with slightly bent cycles and are
very promising for spintronic application.

FIG. 11. From top to bottom, extracted values of orbital, spin,
and total magnetic moments for Co (left) and Fe (right). Solid
circles are for Au-capped samples, hollow circles are for V-
capped samples. Theoretical values in red dashed lines taken
from Ref. [50]. Mn3Ge thickness is 5 nm for each sample.

B. Mn3Ge/Co2FeGe superlattices on Cr(001)

The next step of this study was to look at the magnetic
property evolution when repeating the Mn3Ge/Co2FeGe
bilayer. It is well known that repetitions usually affect
the coercive field, the remanence, and the total mag-
netic anisotropy of the systems [51]. Moreover, the higher
magnetic volume will allow us to characterize the films
by MOKE measurements. Co2FeGe is still used here

FIG. 12. XMCD hysteresis loops obtained in normal incidence
at the Fe (on the left) and Mn (on the right) L3 edges with an out-
of-plane applied magnetic field. From bottom to top, Co2FeGe
thickness from 2 nm to 6 nm. Mn3Ge thickness is 5 nm for each
sample. Measurements performed at 300 K.
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to get separated XMCD information from the two lay-
ers. The Mn3Ge thickness is decreased from 5 nm (in
the previous bilayers) to 3 nm in order to decrease
the PMA and so the coercive field since we are lim-
ited to 0.9 T in our MOKE setup. In this study, five
samples were grown with the following composition:
MgO/Cr(10 nm)/[Mn3Ge(3 nm)/Co2FeGe(X nm)]×5
with X = 1, 2, 3, 4, and 5 nm. Since 2-nm Au were not
sufficient to protect the samples, as shown in the previ-
ous section, we moved to lighter materials to limit x-ray
absorption form the capping and chose V (4 nm) capping
layers. The RHEED patterns all over the stack growth were
similar to what was observed before.

FIG. 13. XAS (left) and XMCD (right) spectra measured at
L2,3 edges of Co, Fe, and Mn on the Mn3Ge/Co2FeGe super-
lattices series, grown on Cr-buffer layers and capped with V.
The thicknesses reported on the right of the curves stand for
Co2FeGe layer thickness. Mn3Ge thickness is 3 nm for each
sample. Measurement performed at 300 K under a 6-T magnetic
field.

The XAS and XMCD spectra for the whole series mea-
sured at the L2,3 edges of Co, Fe, and Mn are given in
Fig. 13. Co and Fe transitions are similar to the ones
observed in the previous section for V-capped samples.
First, no oxidation is observed on Co and Fe. Second,
the Mn XAS are different to what has been observed
on Au-capped samples. The multiplet structure is still
present but much less defined than in Fig. 10. On their
side, the dichroic signals are similar to those obtained
for Mn3Ge/Co2FeGe bilayers. The identical XMCD signs
present at the L3 (negative) and L2 (positive) edges of Co,
Fe, and Mn attest to the ferromagnetic exchange between
the elements and layers.

Hysteresis loops were performed in normal and grazing
incidences (20◦ off normal) with the magnetic field applied
along the beam direction. The resulting data measured
at the Fe edge are given in Fig. 14. First, samples with
tCo2FeGe = 1 and 2 nm are clearly perpendicularly magne-
tized and the loops are square with 100% remanence. For
higher Co2FeGe thicknesses, the magnetization starts to
switch in the film plane. The loops measured in grazing
incidence confirm this behavior with an obvious easy axis
toggling in the film plane for the thicker samples. Note that
the loops opening in grazing incidence for tCo2FeGe = 1 and
2 nm is not surprising since the measurements cannot be
performed perfectly in plane.

Finally, spin, orbital, and total magnetic moments were
extracted using the sum rules for Fe and Co (Fig. 15).
Similarly to bilayers, the thinner sample depicts magnetic
moments values lower than in the bulk. This is explained
by the only 1-nm-thick Co2FeGe that has still not reached
its bulk values.

FIG. 14. XMCD hysteresis loops obtained at the Fe L3 edge
with a beam applied normal to the sample surface (on the left)
and applied in grazing incidence (on the right). From bottom
to top, increase of the Co2FeGe thickness from 2 to 5 nm.
Mn3Ge thickness is 3 nm for each sample. The inset graphs are
enlargements of the loops. Measurements performed at 300 K.
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FIG. 15. Extracted values of orbital, spin, and total total mag-
netic moments for Co (on the left) and Fe (on the right). The
theoretical values, represented in red dashed lines are taken from
Ref. [50]. Mn3Ge thickness is 3 nm for each sample.

VI. PMA REPLICATION CHARACTERIZED BY IN
SITU UHV MOKE

These kinds of samples fully characterized using XMCD
were chosen to test the new MOKE setup installed on the
Daum UHV tube (at least in polar configuration, that is for
an applied magnetic field perpendicular to the film plane).
The growth was performed on the MBE and samples were
then transferred to the MOKE chamber all under UHV. The
sample was placed at the center of an electromagnet that
allows application of a magnetic field up to 0.9 T in the
direction normal to the sample surface (Fig. S3 within the
Supplemental Material [44]). There are at least three main
advantages of using this technique here: the measurement
is sensitive to the thin film and not to the substrate (con-
trary to PPMS VSM and SQUID VSM measurements).
The film is measured immediately after the growth process.
No capping is needed (contrary to VSM and XMCD). This
gives the possibility to see any influence of the capping on
the magnetic properties of the underneath magnetic layer.
Finally, no diamagnetic correction due to MgO substrate
and Pd buffer has to be taken into account resulting in a
hysteresis loop characterizing only the superlattices.

A. Mn3Ge/Co2FeGe to test the MOKE setup

Five samples with the following stack MgO/Cr(10 nm)/

[Mn3Ge(3 nm)/Co2FeGe(X nm)]×5 with X = 0.5, 1, 2, 3,
and 5 nm were characterized with the MOKE setup. The
resulting curves are given in Fig. 16. The first observation
that jumps out is the signal inversion occurring between
samples with 1 and 2 nm of Co2FeGe. This inversion is
attributed to the different sign of Kerr rotation hosted by
Mn3Ge and Co2FeGe. For low Co2FeGe thicknesses, the

FIG. 16. On the left, MOKE hysteresis loops obtained at 300
K with an out-of-plane applied magnetic field. From bottom to
top, increase of the Co2FeGe thickness from 0.5 nm to 5 nm.
Mn3Ge thickness is 3 nm for each sample. On the right, Kerr
rotation amplitude as a function of Co2FeGe thickness.

loop is inverted due to dominant Mn3Ge layers. As far as
the Co2FeGe thickness increases, the signal vanishes and
the null Kerr angle is reached between tCo2FeGe = 1 and 2
nm. This behavior is clearly supported by the right graph
of Fig. 16 where a linear dependence of the Kerr amplitude
with Co2FeGe thickness is observed. An additional sam-
ple, made with only a Co2FeGe layer, was measured and
unveiled a classical Kerr rotation sign (i.e., sign observed
for tCo2FeGe = 2, 3, and 5 nm in Fig. 16) attesting to the
inverse Mn3Ge Kerr rotation.

B. Mn3Ga/Co2MnSi

Mn3Ga/Co2MnSi superlattices were first grown and
measured in our UHV MOKE setup. A typical example
is shown in Fig. 17 for three Mn3Ga unit cells (2.2 nm)
and five Co2MnSi unit cells (2.8 nm) repeated 5 times. The
open hysteresis loop confirms that the SL is perpendicu-
larly magnetized. Nonetheless, the cycle is stretched and
curved. As a consequence, a very low magnetic remanence
(of the order of 18%) is obtained confirming the huge PMA
even in so thin Mn3Ga films. In particular, we cannot elim-
inate that the stack was not saturated at 0.9 T. The huge
PMA in Mn3Ga thus makes the MOKE study very dif-
ficult according to our setup facilities. These conclusions
motivated us to look at the other candidate, i.e., Mn3Ge.

C. Mn3Ge/Co2MnGe

The architecture of the samples was MgO/Cr(10 nm)/

[Mn3Ge (2 u.c.)/Co2MnGe(X u.c.)]×5 with X = 1, 2, 3,
and 4 unit cells. The RHEED patterns observed all along
the growth were similar to what we observed in the stacks
shown in the previous section. As for Co2FeGe, an inver-
sion of the Kerr rotation was observed (Fig. 18). The
MOKE signal is gradually decreasing while increasing the
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FIG. 17. Out-of-plane (OOP) hysteresis loop obtained for
[Mn3Ga (3 unit cells)/Co2MnSi (5 unit cells)]×5 superlattice
by MOKE measurement. Note the bended loop shape and low
remanence.

Co2MnGe thickness. This time, the global Kerr rotation is
cancelled for tCo2MnGe close to 4 unit cells. This difference
in compensation point between Co2FeGe and Co2MnGe
is not surprising since the magnetic moment per cell is
larger in Co2FeGe (6μB) than in Co2MnGe (5μB). Simi-
larly to Co2FeGe, Co2MnGe has a classical Kerr rotation
that counterbalances the inverted one of Mn3Ge but the
PMA replication is then easier. A linear relationship is also
observed in the Kerr rotation amplitude versus Co2MnGe
thickness graph (Fig. 18). Our main goal, i.e., PMA repli-
cation in a HMM film with 100% remanence, is obtained
in these systems.

D. Mn3Ge/Co2MnSi

Similar experiments were performed on samples replac-
ing Co2MnGe by Co2MnSi on top of Mn3Ge. For Mn3Ge
film thicknesses up to 4 nm (around 6 u.c.), the observed
MOKE loops were very similar to those reported in
Fig. 18, meaning that the Mn3Ge and Co2MnSi layers
are ferromagnetically coupled. However, this coupling

FIG. 18. On the left, MOKE out-of-plane hysteresis loops on
a series of [Mn3Ge (2 u.c.)/Co2MnGe (X u.c.)]×5 with X noted
on the inset. Measurements performed at 300 K. On the right,
Kerr rotation amplitude as a function of Co2MnGe thickness.

does not hold anymore for thicker Mn3Ge layers (above
7 u.c. = 5 nm). Some typical MOKE loops performed
on Mn3Ge/Co2MnSi bilayers are shown in Fig. 19. The
sharp magnetization reversal comes from Mn3Ge mean-
ing that its magnetization is out of plane. In addition we
observed a linear variation of the magnetization with the
applied magnetic field coming from the coherent rotation
of the Co2MnSi magnetization from in plane at zero field
to out of plane at saturation. This means that at zero field
the Mn3Ge magnetization is perpendicular to the stack
whereas the Co2MnSi one is in plane, leading to a 90◦
magnetic configuration between the two layers. Such a
magnetic configuration is typical of two independent mag-
netic layers meaning that there is no magnetic coupling
between them. However, it should be noticed that Mn3Z
in the bulk is suspected to exhibit noncolinear magnetic
moments between the two nonequivalent Mn sites within
the D022 structure. A possible scenario is that the magnetic
moment at the Mn3Z surface is in plane and coupled to
the Co2MnSi magnetic moment, leading to a 90◦ magnetic
configuration between the two layers. As the magnetic con-
figuration between Mn3Ge and Co2MnSi magnetizations
moves from 0◦ to 90◦ increasing Mn3Ge thickness, this
strongly suggests that the suspected noncolinear magnetic
structure in bulk Mn3Z is strongly affected in thin films and
depends on its thickness.

VII. DISCUSSION AND CONCLUSION

This study allows us to enumerate useful conclusions on
Mn-Ga and Mn-Ge thick films:

FIG. 19. MOKE out-of-plane hysteresis loops on a series of
Mn3Ge (5 nm)/Co2MnSi (X nm) with X noted on the inset.
Measurements performed at 300 K.
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(i) For both alloys, we found that the 3:1 stoichiom-
etry is the best compromise for applications in terms of
low saturation magnetization, high coercive field, and high
remanent magnetization.

(ii) Mn3Ga and Mn3Ge thin films were observed to
grow in the D022 structure on Pd and Cr(002) whatever
the thickness of the films (up to 50 nm).

(iii) The PMA is stronger in Mn3Ga than in Mn3Ge.
(iv) The PMA is larger for both compounds grown on

Pd- than on Cr-buffer layers. This is due to a lower misfit
on Pd (better crystalline quality) than on Cr.

(v) Off stoichiometry is not a problem for the crystalline
quality of Mn-Ga alloys. However, several crystalline
phases coexist for Mn-Ge alloys (Ge-rich alloys).

(vi) We confirm that the magnetic state of the Mn3Ga
compound is not trivial (our results are compatible with a
ferrimagnetic compensated state as proposed theoretically
and experimentally). Getting squared loops with 100%
remanence needed for applications is thus challenging.

(vii) The magnetic behavior of the Mn3Ge compound is
easier to manipulate and thus more suitable for devices.

(viii) The magnetization of the Mn3Z compounds
decrease for small thicknesses.

From all these conclusions one may choose both alloys,
and the stoichiometry can be varied as well (but with
care for Mn-Ge alloys). Furthermore, very low magnetic
damping was predicted for the 3:1 stoichiometry [36] and
observed to be close to 10−2 for stoichiometric Mn3Ge [52]
and off-stoichiometric Mn1.54Ga and Mn2.12Ga alloys [53].
We can go as far as to say that off stoichiometry may have
a great impact on the magnetic damping (different chem-
ical ordering), as seen, for instance, in Co2Mn-based full
Heusler compounds [27].

Starting from these compounds with large PMA, a large
variety of Heusler alloys can be epitaxially grown on
them, as already shown by the group of Mizukami [38–
42] for Co2MnZ ′ (Z ′ = Si and Al) and Co2FeZ ′ (Z ′ = Si
and Al) grown on Mn-Ga alloys. We show here that same
compounds with Z ′ = Ge can be added to the list, and
it may be completed at least with Z ′ = Ga, Sn, or Sb.
Furthermore, a behavior has to be known for devices,
i.e., the coupling between the Mn3Z and the HMM lay-
ers. At least two groups have studied this coupling. The
Mizukami group found that the coupling is ferromagnetic
or antiferromagnetic. They first observed that the cou-
pling is always ferromagnetic for thin Mn3Z thicknesses.
We found in our studied systems a similar behavior. In
addition, they observed that this coupling changes to an
antiferromagnetic one for thicker Mn3Z films coupled with
an annealing done after the stack growth [39,40,42]. A
second group [43] also observed this antiferromagnetic
coupling in Mn3Ga/Co2MnSi bilayers using the same
annealing process. We also observed here that the cou-
pling changes when increasing the Mn3Ge thickness but

we never observed an AF coupling. Our results are con-
sistent with a 90◦ magnetic configuration but one should
note that we did not anneal the stacks. These results are
not in contradiction since one can imagine that interfa-
cial atomic arrangement may be strongly influenced by
the annealing even if intermixing takes place over one
or 2 atomic planes. To resume, it is very difficult to give
clear conclusions at this stage since many parameters may
change the coupling, like the respective Mn-Z and HMM
stoichiometries, layers thicknesses, growth and annealing
temperatures, and possible impact of C or O contamination
at the interfaces (which may be very different in sputtered
films in normal conditions, sputtered films in a UHV envi-
ronment, or MBE grown stacks). Consequently addressing
this point in order to understand in detail the coupling
requires extensive research. Our study can definitely not
answer in detail this question, but provides a very interest-
ing way to control the coupling in these systems through
interface engineering.

The MOKE analysis of these stacks allowed us to evi-
dence a very special feature: we clearly observed that the
Kerr rotations are in opposite direction between, on one
side, Mn3Ga and Mn3Ge, and on the other side, the dif-
ferent HMM films studied here, i.e., Co2FeGe, Co2MnGe
and Co2MnSi. The origin of such optical behavior is not
established here but it clearly explains the MOKE hys-
teresis loops observed by Ranjbar et al. [40]. Indeed, they
observed a total Kerr rotation lower when the Mn-Z and
HMM are ferromagnetically coupled than when these two
layers are antiferromagnetically coupled. These opposite
Kerr rotations are thus also present in Mn-Z/Co2FeAl,
Co2FeSi, and Co2MnAl stacks.

To summarize, the strong PMA in Mn-Ga and Mn-
Ge tetragonal D022 phase can be used to get HMM
films with perpendicular anisotropy. Numerous Mn-Z
and HMM combinations are possible due to a very
good matching between the lattice along the (001) direc-
tion. Based on our results thin Mn3Ge films on Cr or
Pd(001) may be preferred for spintronic applications.
The global magnetic behaviors, like remanence, saturation
magnetization, coercive fields, can be easily engineered
according to device constraints. Finally, the very small
magnetization of the Mn-Z films combined with PMA
and ultralow magnetic damping may significantly improve
device performance by reducing energy consumption for
instance.
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