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ABSTRACT

Heusler magnetic alloys offer a wide variety of electronic properties very promising for spintronics and magnonics. Some alloys exhibit a
spin gap in their band structure at the Fermi energy, the so-called half-metal magnetic (HMM) behavior. This particular property leads to
two very interesting properties for spintronics, i.e., fully polarized current together with ultra-low magnetic damping, two key points for
spin-transfer-torque based devices. This Tutorial gives experimental details to grow and characterize Heusler Co,MnZ compounds in thin
films (Z = Al, Si, Ga, Ge, Sn, Sb) by using molecular beam epitaxy in order to get the proper predicted electronic properties. A first part of
this Tutorial is dedicated to control the stoichiometry as best as possible with some methods to test it. The chemical ordering within the
lattice was examined by using electron diffraction during growth, regular x-ray diffraction, and scanning transmission electron microscopy.
In particular, standard x-ray diffraction is carefully analyzed depending on the chemical ordering in the cubic cell and shown to be ineffi-
cient to distinguish several possible phases, on the contrary to electron microscopy. The electronic properties, i.e., magnetic moment, spin
polarization, and magnetic damping were reviewed and discussed according to the stoichiometry of the films and also theoretical predic-
tions. Polycrystalline films were also analyzed, and we show that the peculiar HMM properties are not destroyed, a good news for applica-
tions. A clear correlation between the spin polarization and the magnetic damping is experimentally demonstrated. At least, our study
highlights the major role of stoichiometry on the expected properties.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0014241

I. INTRODUCTION

Discovering new materials with outstanding properties repre-
sents a common challenge in all fields of condensed matter physics.
Among those fields, some crucial goals of spintronics that aims to
manipulate spin and charge currents together with the magnetiza-
tion of nanometric-scaled structures are to increase the storage
density in magnetic based memories as well as lowering their
energy consumption. To do that, materials with very specific prop-
erties such as a full spin polarization (noted SP in the following)
at the Fermi energy (Ep) along with a small Gilbert magnetic
damping are required to reduce the critical switching current using
spin transfer torques.' In 1983, de Groot et al.” discovered by using
ab initio calculations a new type of ferromagnet, called half metal
magnet (HMM), in which the majority spin electrons are metallic,
whereas minority spin ones are insulating. In other words, the

density of electronic states contains a gap near the Fermi energy E
in the minority spin channel resulting in a full SP at E. This new
type of ferromagnet satisfies in theory the requirements for a new
era in spintronics and magnonics. Since the predictions of de
Groot et al., huge theoretical efforts have been made to identify
materials with the HMM property that are convenient to elaborate.
Such HMM properties were first observed in magnetic oxides
(Fe304, CrO,, LaSrMnO3) but were at least difficult to implement
in spintronics devices due to small magnetizations at remanence or
too low Curie temperatures (see Ref. 3 and references therein).
As the de Groot theoretical work was done on the half-Heusler
NiMnSb compound,” a lot of other Heusler compounds were thus
explored using ab initio calculations’™” and a spin gap was calcu-
lated in some of them (Co,MnSi,' Co,CrSi,’ Fe,MnGa,"
Mn,ScGe,'" etc.). But beyond the spin gap, these compounds are
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also very interesting because some have high Curie temperatures
well above room temperature,' '’ which is important for device
stability. The initial interest in growing Heusler thin films was,
therefore, to demonstrate and obtain a spin gap and a complete SP.
Although huge TMR values were expected in Heusler-MgO based
magnetic tunnel junctions (MTJs),"* the first reported results
obtained on spin polarization'”~"” and on devices'* " then remained
disappointing. At this time, with such poor properties, Heusler-based
thin films could in no way compete with the basic CoFeB/MgO
system used in devices. Fortunately, the interest for these compounds
was completely renewed, thanks to the remarkable transport results
obtained after 2009°'™*’ using Co,MnSi in MgO-based magnetic
tunnel junctions (MTJs). As a consequence, further experiments
using spin-resolved photoemission spectroscopy (SR-PES) were per-
formed on this particular material and the spin gap was observed,””"
which definitely confirms the HMM behavior of Co,MnSi. In paral-
lel, another remarkable property of these compounds was highlighted
theoretically. Very low magnetic damping values in the range of
107°-10"* were calculated for some HMM Heuslers.” ™" Such a
property is crucial to considerably reduce the magnetization reversal
currents by spin transfer torque or to extend spin-wave propagation
length. From this point of view, HMM Heusler compounds have a
big advantage over the CoFeB/MgO system principally used in spin-
tronic devices, for which magnetic damping values not better than
5x107° in CoFeB and 2x 107> in FeCo alloys were reported.”**’
From that moment, many groups """ have been synthesizing
and studying Heuslers thin film compounds in order to implement
them in devices (one can note that a large effort was done on that
subject in Japan). Magnetic damping was thus explored in some
Heuslers compounds and first found in the 10~ range.”>’*™"" Even
if this was at least one order of magnitude higher than predicted
ones, these results were very promising. Finally, it was not until
recent years that we observed both full spin polarization and ultra-
low magnetic damping in the 107 range close to the calculated
ones, ”* "> which makes these materials very promising for the future
of spintronics and magnonics, especially in terms of energy con-
sumption. As highlighted from ab initio calculations, some good
HMM candidates belong to the Co,YZ family with Y a 3d metal and
Z a nsnp' ~3 chemical element.””” Nonetheless, it took a long time
to get both the minority spin gap and the ultra-low Gilbert damping
as observed for some compounds in the Co,MnZ family.™>*"** We
believe that this was due to the different issues encountered when
growing thin films of Heusler compounds with such delicate proper-
ties. The first issue is obviously the structural quality. Nevertheless, it
seems that Heusler compounds are very stable in their m3m point
group structure, for many different chemical elements and deposi-
tion techniques such as ingot melting,'> sputtering,™*"*>**~*
molecular beam epitaxy (MBE),”"”** and pulse laser deposition.”
But preparing these materials with the correct lattice is not sufficient.
According to ab initio calculations,'*>”*> the correct chemical
ordering in the lattice is crucial for getting expected electronic prop-
erties. Indeed, any chemical disordering, where a given crystallo-
graphic site is occupied by the wrong or more than one chemical
element, may destroy the spin gap necessary to get low magnetic
damping. The task is made difficult as several phases with different
chemical orders are well known, although the cubic lattice is con-
served, as shown in Fig. 1.”

TUTORIAL scitation.org/journall/jap

Starting from the original Heusler L2, phase (Cu,MnSn proto-
type structure), the mixing of the different elements on the different
crystallographic sites gives rise to the following phases: A2 (complete
random disorder), B2 (Y/Z mixing), D0; (X/Y mixing), B32a (X;/Z
and X,/Y mixing), and the inverse X phase, where one of the X
atoms has swapped with the Y atom. Although the chemical disorder
in the Heusler compound was studied experimentally’>">" and the-
oretically,”>*”*” its impact on the physical properties is not well
understood and experimentally very difficult to quantify and disen-
tangle from any other source of change, such as an off-stoichiometry
for instance. Moreover, when chemical disorder is induced using ion
irradiation,” there should also be structural defects induced as well.
Finally, the characterization of the chemical ordering in thin films
is often studied using x-ray diffraction, but we will see here that
this technique using a single wavelength is not sufficient to distin-
guish several different phases possible in Heusler compounds.
Consequently, there are two crucial issues to obtain Heusler com-
pounds in thin films with the proper electronic properties. The first
one is the stoichiometry that can be controlled up to a certain
accuracy according to the growing process. The second one is the
chemical ordering which is an intrinsic behavior and consequently
not controllable when thermodynamic equilibrium is reached (by
heating). One important conclusion of this paper is, on the one
hand, to highlight the role of a very good control of the stoichiome-
try on the electronic properties (SP, spin gap, magnetic moment, and
magnetic damping). On the other hand, the chemical ordering is
studied in detail and its impact on observed electronic properties is
discussed and compared to theoretical predictions. In the present
work, we used molecular beam epitaxy (MBE) to grow Co,MnZ epi-
taxial films on MgO(001) substrates. Indeed, the MBE technique has
many advantages for testing the synthesis of new materials in thin
films. First, the growth parameters can be set independently, such as
the substrate temperature (T,;), flux rates, and thickness of the film.
Moreover, in situ characterization means are available, such as elec-
tron diffraction in real time or chemical surface analysis by x-ray or
Auger spectroscopy after the growth process. Details on the epitaxial
process of the films are given in Sec. II. In Sec. III, we show that the
control of the atomic fluxes using quartz microbalances together
with electron diffraction during the deposition allows us to estimate
the control of the stoichiometry around +1% for each element of the
alloy. In Section IV, we show that the L2; Heusler phase in Co,MnZ
compounds cannot be claimed just by using standard electron or
x-ray diffraction experiments. To address this point, scanning trans-
mission electron microscopy combined with high angular dark field
(STEM-HAADF) is performed. In Sec. V, the electronic properties of
these compounds determined using magnetometry, photoemission,
and ferromagnetic resonance are reviewed. A major result is the clear
correlation between spin polarization and magnetic damping in
Co,MnAlLSi; _, quaternary alloys. Finally, we discuss the enormous
potential of these alloys and the short-term challenges for spintronics.

Il. EPITAXIAL GROWTH PROCESSES
A. Flux adjustment and control

The MBE system used is a COMPACT 21 EB 200 MBE
system from RIBER with a base pressure equal to 3 x 107!! Torr
(4 x 107 '' hPa). This machine has been designed to be able to
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FIG. 1. Sketch of the different chemical ordering or disordering occurring in X,YZ full Heusler compounds.

evaporate 24 chemical elements by using 3 multi-pocket e-guns
(with 6 pockets each) and 6 Knudsen cells. Co,MnZ layers with
Z=Al, Si, Ga, Ge, Sn, and Sb were deposited by the co-evaporation
of each element with a precise control of the fluxes achieved with
an INFICON IC6 controller (sensitivity 0.0004 nm) and four quartz
microbalances (QMs), one QM for each e-gun and one additional
QM to calibrate fluxes at the sample location. One should note that
QM was preferred to other detection based on absorption, because
a QM delivers an absolute measurement of the deposited mass
(converted in growth rate) although absorption techniques need
some reference samples. In this study, Co, Ge, Si, V, Cr, Au, and
MgO were evaporated using e-guns and Mn, Ga, Sn, and Sb using
Knudsen cells. The main benefit of using e-gun evaporation is the
real time recording and regulation of the fluxes during deposition.
This is achieved by using a feedback loop between the QMs and the
high voltage power supply. For Knudsen cells, the flux stability is
ensured by regulating the crucible temperature (leading to very stable
flux over time). QMs are calibrated prior each deposition with the
movable QM placed at the sample location. The cell fluxes were not
measured in real time but calibrated using the sample QM before the
deposition by fixing the cell temperature to get the correct growth
rate. A sticking coefficient of 1 was first assumed at the surface of the
QM and the sample for each element. It means that the surface
density of atoms deposited on the quartz, in at.cm™2, is equal to the
one deposited on the sample, thus allowing a precise control of
the layer thickness and stoichiometry. For the deposition of

Co,MnZ epitaxial layer, the Co flux value was chosen equal to
10%at.cm™2s7! and @, = 20y, = 2¢,. The deposition rate V is
linked to the flux via the equation, here given for Co,

Pco * Na
Pco = Vo nco = VCo-%a (1)

where nc, is the volume density (at./cm®), pc, is the mass density
(g/cm3), MG, is the molar mass (g/mol), and N is the Avogadro
number (at./mol). It should be noted that the flux depends on the
product of the growth rate and the mass density V,.pc,. To obtain
the true growth rate on a QM, the mass density is needed. However,
one can choose for a material an arbitrary mass density and fix the
growth rate at a virtual value to get the chosen flux in Eq. (1). This is
particularly interesting when growing alloys with several chemical ele-
ments that have to be calibrated separately, since the mass density of
the compound can be chosen for all the elements of the alloy. Indeed,
a Co,MnZ Heusler film thickness is linked to the growth rates as

14 +V +V
ecMz = ( P MoPhin pz) ~t0 = (V/Co + Van + Vé)-tm
Pcmz
(2)

where ¢, is the deposition duration, V7 is the virtual growth rate fixing
the mass density of all i elements to the Co,MnZ one (p¢y). For a
Co,MnSi film, using the molar masses M of each element as well as
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FIG. 2. Example of e-gun co-evaporated Co and Si growth rates measured by
the QMs during the deposition of a Co,MnSi epitaxial layer.

the density pc, v = 7-4 g/cm?, the growth rates that lead to ¢, =
200 = 205 = 10 at./cm?/s are

M —0.133A s
PCo,MnSi Na 3)

Vi =0.032A 57, V), =0062A s

! p—
VCo -

With those rates, it takes 6.25s to grow one Co,MnSi atomic plane
(12.5s for two planes, 25s for one unit cell). An example of e-gun
fluxes regulation during a deposition of Co,MnSi is presented in
Fig. 2. Both curves were recorded with a 10s rate filter (the growth
rate is measured every 0.1s and averaged over the past 10s). The
typical instantaneous set point deviations were smaller than 3%, as
shown in the inset of Fig. 2, and integration over time smaller than
0.5%. For the Knudsen cells, the flux stability is ensured by the cruci-
ble temperature regulation (+0.2 °C) with a better accuracy than with
an e-gun, so a real time control of the cell flux is not necessary.

B. Substrate and buffer layer choice

To get epitaxial Heusler thin films, single-crystalline MgO
(001) substrates were used. MgO substrates were outgassed in situ
at around 800 °C. A MgO bulffer layer was systematically deposited
at around 750 °C in order to smooth the surface and burry contam-
inants underneath.’” The Co,MnZ films with Z= Al Si, Ga, Ge,
Sn, and Sb were first deposited on MgO™"' and epitaxial growth
was obtained at Ty, ~ 450 °C, except for Co,MnSb. Due to com-
petition between surface and interface energies,” the growth mode
of all Heusler films on MgO is three-dimensional. The film thick-
nesses were thus chosen in the range of 20-30 nm to get coalesced
and continuous thin films. The films were heated up to T, ~
750 °C after growth to get the chemical ordering at thermodynamic
equilibrium. The films were capped with 2 to 10 nm Au films to
protect them from air. Another possibility is to grow these films on
a metallic buffer layer for which a layer by layer growth mode is

TUTORIAL scitation.org/journall/jap

possible. This process has three major advantages. First, epitaxial
Co,MnSb films were only obtained on such a V buffer layer.
Second, very thin continuous films may be grown (1 atomic plane
thick is possible). Third, the Heusler film growth rate can be mea-
sured very precisely using electron diffraction as explained in the
next section. Hence, the Co,MnZ films growth was also tested on
V(001) epitaxial buffer layers. This choice is motivated first because
the intermixing temperature of metals in V is usually large, and
second, because the V lattice parameter is close to MgO and
Co,MnZ Heusler compounds. 20 nm thick V buffer layers were
first grown at room temperature and annealed around 700 °C to get
a smooth surface.”* The Co,MnZ films were thus epitaxially grown
around 250 °C (in order to get RHEED oscillations) and annealed
after the growth up to 550 °C (V and Co,MnGa intermixing was
observed to take place above 700 °C, as checked by Auger spectro-
scopy). Typical reflection high energy electron diffraction (RHEED)
patterns of the prepared MgO, V buffer layers, and Co,MnZ films
are presented in Fig. 3. All the RHEED patterns were showing thin
and smooth streaks, indicating excellent surfaces quality with large
crystallographic terraces. Kikuchi lines are visible on MgO RHEED
patterns, typical of very clean and well oriented MgO surfaces.’
The RHEED patterns of the V surface were compatible with a pure
surface without detectable contamination.” The epitaxial relation-
ship between V and MgO, and Co,MnZ and V, is given in Fig. 3.
Note that the cubic V unit cell is 45° turned compared to MgO one,
since the misfit is close to zero in this case [a(10)(MgO) = 0.298 nm
and a(190)(V) = 0.303 nm]. The Co,MnZ and V layers are cube on
cube oriented. Note that the misfit with V is thus not always small
and may lead to strain in the selected Z-based Heusler film. Indeed, if
the misfit is close to zero for Z = Sn (a(200)Co,MnSn = 0.300 nm), it
can reach 4% for Z =Si (a(200)Co,MnSi = 0.283 nm). Some tetragon-
alization of the cubic unit cell for Co,MnZ films was actually observed.
To eliminate the strain, the Heusler films can also be grown on BCC
Cr buffer layers (a(100)Cr = 0.288 nm). Similar RHEED patterns were
observed using Cr buffer layers.

lll. STOICHIOMETRY CONTROL

The stoichiometry of our films is strongly dependent on the
hypothesis of full sticking of the atoms on the quartz and on the
sample (sticking coefficient=1). We used two complementary
methods to evaluate this hypothesis and thus to test the stoichiom-
etry of the films, one by measuring the film thickness after the
growth using x-ray diffraction and the other by measuring the time
to complete a layer during the growth using electron diffraction.

A. Stoichiometry checking by thickness measurement

The basic argument is to consider that a correct control of
fluxes may lead to a calculable film thickness after a fixed deposi-
tion time that can be compared to thickness measurement. The
expected thickness is given by Eq. (2). It should be noted that the
Co,MnZ mass density is needed to fix the different growth rates
using Eq. (1). The thicknesses were thus checked after the growth
using x-ray reflectivity (XRR) measurements, the mass density
using the lattice parameters given by (001) diffraction diagrams
at large angles,"' and the molar mass of the primitive lattice consid-
ering a perfect stoichiometry. The thickness test was performed on the
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V(001)  Co,MnGe(001)

MgO(001)

FIG. 3. (Left) Typical RHEED patterns of the MgO substrate, V buffer layer, and Co,MnZ films (here Z = Ge) and right is the sketch of the epitaxial relationships between
the layers.

Co,MnZ films grown with ¢, =2 x 10 at.cm™2s7'. Since at the ~ RHEED. This is a powerful technique which gives in real time the
very beginning of growth tests, we do not know several parameters epitaxial relationship of the deposit with respect to the single-
(such as the lattice spacing) to fix the film thickness, we stopped the crystalline substrate.”® But more interestingly, RHEED intensity
growth when a virtual Co thickness er,, = v, = 10nm in Eq. (2) oscillations are usually observed if a layer-by-layer growth process
was reached on the Co QM measurement during the CMZ film depo-
sition. The deposition time is thus £, = e[, /v(,, and the total thickness
is calculated using Eqs. (1) and (2) as

+ exXp.
V’M +V/Z My + MZ — fits
ecMz = e’co (1 +:’/T = /CO 1 +2“TCO = EICO.A.

4)

It should be noted that the A factor is not equal to 2 in general. A =2
if the average mass of Mn and Z is equal to Co mass which is almost
the case for Co,MnGa, but A=1.7 for Co,MnAl The XRR spectra
of the films directly grown on MgO are presented in Fig. 4 together
with their best fits. In Table I are reported the expected thicknesses
compared to the XRR measurement. The case of Co,MnSb grown on
a V buffer layer is discussed in the next section.

The measured thicknesses are in very good agreement with
the calculated ones. This confirms the assumption on unity sticking
coefficient on the QM and on the sample during growth. The film
thickness determination is thus a first test to control the com- i
pounds composition. However, the accuracy on the stoichiometry e
is not better than 5% essentially due to the error bar on the thick- - X x S e,
ness determination using the fits. We will see in the next section 3 CMAI %4
that electron diffraction helps to better control it.

T I FF -

& T

[ &

Log(Intensiy) (arb.un.)

— ™

0 2 0 (o) 4
B. Real time measurement of Heusler growth rate

FIG. 4. XRR spectra and associated fit for a series of Co,MnZ Heusler com-

A MBE machine is usually equipped with electron diffraction pounds directly grown on MgO. The fitting parameters are given in Table .

facilities, especially reflection high energy electron diffraction—
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TABLE |. Comparison between calculated thicknesses considering Eq. (4) with
6, = 10nm and thicknesses determined by fitting the XRD spectra in Fig. 4.

Thickness (nm)

A factor Calculated (#0.5nm) Measured (+1 nm)
Co,MnAl 1.7 17.0 17.7
Co,MnSi 1.71 17.1 17.3
Co,MnGa 2.06 20.6 21.2
Co,MnGe 2.08 20.8 22.5
Co,MnSn 2.47 24.7 24.9

occurs.”” The period of an oscillation is thus equal to the time
delay to complete one or two atomic layers, which is a very nice
tool to measure in real time the compound growth rate and conse-
quently to control the stoichiometry. An example of RHEED inten-
sity oscillations during the deposition of Co,MnSn compounds at
Tsup=200°C on top of a V buffer layer is presented in Fig. 5. A
small window is selected on a RHEED streak (usually the central
one) and the intensity recorded during the growth presents clear
oscillations. The corresponding Fourier transform gives a frequency
equal to 0.0907 Hz which gives a 11.0 s period. According to the flux
choice [Eq. (1)] and the lattice spacing equal to 0.599 +0.001 nm in

FFT (arb.un.)

L

RHEED intensity (arb. un.)

0.1 1
Frequency (s )

0 200
Deposition time (s)

400

600
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our Co,MnSn films,"’ the theoretical time to grow one atomic plane
is equal to 5.55s, so 11.1s for a double atomic plane period. Thus,
the observed period corresponds to the completion of two atomic
planes. It means that the growth of Co,MnSn is bilayer by bilayer.
This bilayer growth process is also observed on the other Co,MnZ
compounds on V or Cr buffer layers at 200 °C. The calculated time
to grow a bilayer can be calculated using Eqs. (1) and (2) as

aL pevz 8
. == R
2 Qo - Prot

®)

Temz =

where pcyz is here the atomic density, a, is the lattice parameters
along the growth axis, and ay, the in-plane lattice spacing. We chose
buffer layers with appropriate small misfit to get small strain
(acr = 0.288 nm and ay = 0.303 nm). We thus consider bulk lattice
spacing of the Heusler compounds to calculate the expected period.
The comparison with RHEED oscillations measurement is shown in
Table II. The error bars on the calculated periods are due to the
uncertainty on the lattice spacing (+0.001 nm) and on the total flux
(£3%). The accuracy of the experimental oscillations frequency is
given by the width of the FT peak which did not exceed 2%.
The agreement between calculation and experiment is excellent and
validates our calibration process.
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FIG. 5. (a) Section of the central line intensity in the [100] azimuth of Co,MnSn recorded over time, (b) the intensity line profile, showing clear oscillations, (c) correspond-
ing Fourier transform indicating a frequency f = 0.0907 Hz, (d) sketch explaining the bilayer growth mode together with the intensity on the RHEED screen.
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TABLE Il. Comparison between expected times to complete a bilayer calculated
using the flux calibration and RHEED oscillation periods.

acmz Calculated Observed period Diff.
Buffer (nm) period (s) + 4% (s) +3% (%)
Co,MnAl Cr 0.574 12.14 12.0 -1.1
Co,MnSi Cr 0.566 12.49 12.45 ~0
Co,MnGa Cr 0.575 12.1 11.6 —4.1
\% 0.575 12.1 12 -0.8
Co,MnGe Cr 0.576 12.05 12.0 ~0
Co,MnSn \% 0.599 11.15 11.0 -1.3
Co,MnSb \% 0.592 11.41 11.4 ~0

The bilayer growth mode is well-known for MBE-grown semi-
conductors™”” and is associated to the covalent tetrahedrons
stability, which are the basic blocks of the zinc blend or diamond
structures. Similarly, the basic block for Co,MnZ Heusler com-
pounds is a cube with Co atoms at its eight corners, and Mn or Z
in the center of the cube (see Fig. 1). These Heusler compounds
thus want to develop these basic blocks during the growth, leading
to bilayer growth as sketched in Fig. 5 with the corresponding
RHEED intensity oscillations. This bilayer growth is a strong dem-
onstration of these Heusler compounds’ stability and their natural
trend for chemical ordering, at least between Co and Mn/Z atoms.
As in semiconductors, this bilayer process is sensitive to the growth
temperature. Indeed, similar RHEED experiments were performed
at room temperature and oscillations corresponding to one atomic
plane were sometimes observed at the beginning of the growth as
shown in Fig. 6 in the case of Co,MnAl on V. After some few
atomic planes grown, this monolayer growth process is replaced by

Co,MnAl on V(001)

-
= \f\
:f \p‘\ i
2 iy
5/ Y ‘\J .\ M W" *ﬁ' UI* ’]“.N ’1 'm\ NM“ J““’ r.“”'.\‘
- éﬁ L U /\rtju wlv“ W Hﬁlﬂ’i \W 'l1
5] .
E) bilayer
g
monolayer | , , ,
0 100 200 300

deposition time (s)

FIG. 6. RHEED oscillations obtained during Co,MnAl growth on V(001) at room
temperature: a monolayer growth was observed at the beginning of the growth, and
a transition to a bilayer growth took place after around 10 atomic planes. This mono-
layer regime was not observed for substrate temperatures above 200 °C.
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the bilayer growth process. This transition means that the chemical
ordering did not occur at the beginning of the growth where the
surface contains large terraces. The transition from monolayer to
bilayer growth may be explained by the increase in the density of
steps during such out-of-equilibrium growth process, as well-known
in MBE.”® This transition between monatomic to bilayer growth
process was observed to strongly depend on the substrate tempera-
ture and is suppressed above Ty, = 200 °C. The ultimate test of the
stoichiometry is to perform both in situ electron diffraction and
ex situ thickness control. The example of the Co,MnGa film depos-
ited on a V buffer layer is shown in Fig. 7. The film was grown on V
during t, = 650 s. According to Egs. (1) and (2), the expected
Co,MnGa thickness was 15.55nm and the period of a bilayer
growth equal to 12.09s. As shown in Fig. 7, the RHEED oscillations
FFT gives f = 0.0833 Hz leading to a period equal to 12.00s, and
the reflectivity curve fit gives a thickness equal to 15.6 + 0.1 nm.
Using both techniques, the deviation between calculations and mea-
surements is around 1%.

IV. CHEMICAL ORDERING IN HEUSLER EPITAXIAL FILMS
A. X-ray diffraction

XRD was first used to determine the chemical ordering in
our Heusler layers, using a D8 Advance Bruker diffractometer for
the symmetrical configuration and the 4-circles MRD PANalytical
diffractometer for the asymmetrical reflections. We extracted first
the lattice spacing by measuring the XRD diagram along (00]) as
shown in Fig. 8. The lattice spacing extracted from these XRD
spectra is compared to ab initio calculations, bulk and thin film
measurements reported in the literature (Table III). The very
similar values between calculation and experiments show first
that theory is able to account for experimental results. Second,
the similarity between bulk and thin films is another indication
of the good control of the stoichiometry in our films. On the
other hand, the lattice spacing dependence with the covalent
radius of the Z element is plotted in Fig. 9. A linear variation is
observed, which strongly supports that Co,MnZ crystals do not
bind as full metals but are hybrid materials, in between metals
and covalent solids.

One should note that the epitaxial growth direction of the
Au capping differs from one Heusler film to the other. As a
(001) epitaxial growth is expected due to the small misfit
between the [100] Heusler spacing and the [110] FCC Au lattice
spacing, a (111) growth is observed for Co,MnSi and Co,MnGe.
We have no explanation for that behavior and this is not the
aim of the paper to address this point. Nevertheless, the Au
capping films were observed to wet the Heusler films ensuring
their protection from air (see the next section). The (00) XRD
diagrams are not sufficient to get the chemical ordering.
Moreover in several experimental studies,”>***> the L2; struc-
ture is claimed by observing (111) or (311) reflections. We dem-
onstrate in this section that it is not so straightforward. One
elegant way to calculate the diffracted peak intensities depending
on the chemical ordering is to consider the four different sites
noted o, B, v, and & in the basic cubic structure'” as shown in
Appendix A. The structure factor F(h, k,I) is thus calculated
considering the scattering on each site. To get these factors for
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FIG. 7. Test of the stoichiometry on a Co,MnGa film grown on V by performing both RHEED oscillations (a) and x-ray reflectivity (b)—see text.

the structures described in Fig. 1, each atom has to be affected
on one site. Using this method, the structural factors per
X,YZ unit formula are calculated as a function of the atomic
scattering factors fx, fy, fz for each possible structure as
shown in Table IV.

(002) V (004) cCMZ

002) Au
00 /J\'; Co,MnSb

Co,MnSn

002) CMZ
v

A

(T11) Au
LY

Intensity (arb. units)

(004) Al
»~

We analyzed in detail (311), (222), and (111) peaks corre-
sponding, respectively, to h+k+1= 4n+1,4n+2, and 4n +3
diffraction conditions for the Co,MnZ series as shown in Fig. 10
[except Z = Sb where we measured only the (111) peak and not the
others]. At this point, the observation of (222) peaks indicates that
A2 and B32a phases are excluded in our films. The observations of
(111) and (113) peaks indicate that the B2 phase is also excluded
except for Co,MnAl (as reported in the literature'”). For the other
compounds, there are no further indications on which phase
between L2;, D0;. and inverse X takes place.

A quantitative analysis of the Co,MnZ XRD reflections inten-
sities (proportional to the square of the structural factor) is thus
necessary (see, for instance, Ref. 67) However, we did not succeed
in determining the chemical ordering in these particular Co,MnZ
compounds using regular XRD because Co and Mn scattering
factors are very close to each other.®® Indeed, the structure factors

TABLE Ill. Comparison of Co,MnZ lattice spacing obtained by ab initio calculations,
in the bulk, and in thin films. The error bar on the lattice spacing values in this work
was extracted from many samples measurement.

Lattice spacing (nm)

Thin films
Theory™ Bulk'” This work (+0.001 nm)  Others
2 3 4 QA 3 6 Co,MnAl 0573  0.576 0.574 0.578""
Co,MnSi 0.563  0.565 0.566 0.5645°
FIG. 8. XRD spectra of Co,MnZ Heusler thin films. Co,MnZ peaks are labeled Co,MnGa — 0.573 = 0.577 0.575 0579
. 0. spectra 0 2IVIN, eusler tnin 1iims. Co,lVinZ peaks are [apele 63
as (002), (004), and (006). Peaks labeled as t are from the MgO substrate. The g‘)zﬁnge g'Sgg g'ggg 8'532 8'2(7)(7)“4
+ marks correspond to the Kiessig oscillations around the (111) or (001) peaks 02 vinon > : > .
from the 2nm th|ck Au cappmg COzMnSb 0.601 0.593 0.592
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FIG. 9. Lattice spacing dependence upon covalent radius Co,MnZ thin films.
The dashed line is here to guide the eyes.

for h+k+1=4n or 4n+ lor4n + 2 are similar by considering
fx = fy (see Table IV),

L2 DO X
FColenZ = FCo;MnZ = FConnZ %fZ _fY' (6)

This clearly means that one cannot distinguish easily between these
three structures in these Co,MnZ compounds by comparing dif-
fracted peak intensities using regular x-ray diffraction. This is
an important conclusion since the L2; chemical ordering in Co,Fe-
or Co,Mn-based Heusler compounds is claimed in a lot of
papersz*"“’(’g'71 based on the observation of (111), (222), or (113)
XRD peaks. Anomalous x-ray diffraction is thus absolutely neces-
sary to overcome this problem and sometime used,””™”* but it
requires a synchrotron source. Finally, Co,MnSb cannot be
described by none of these chemical ordering. Indeed, its (002) and
(004) diffraction peaks have similar intensities that contrast with

TUTORIAL scitation.org/journall/jap

the other compounds (Fig. 8) and with results in Table IV. Even if
its lattice is also FCC as the others, we have no information about
the chemical ordering in the Co,MnSb lattice. To summarize,
among all the possible chemical ordering in the Heusler FCC cell,
regular XRD allowed us to eliminate the A2 and B32a structures in
our films. The B2 structure is confirmed in Co,MnAl thin films.
Nevertheless, XRD did not allow us to distinguish between the L2,,
D03, and X phases in the other Heusler films studied here, and
none of these structures allow us to describe the chemical ordering
in Co,MnSb. To obtain this information, the use of ultra-high reso-
lution transmission electron microscopy was preferred since this
technique also provides spatial resolution.

B. Transmission electron microscopy

The Co,MnZ series was analyzed by scanning transmission
electron microscopy (STEM). In particular, the high angular
annular dark field (HAADF) mode detection was used due to the
low contrast between the chemical elements in the compounds,
such as Co, Mn, Ge, and Ga. HAADF is a detection method where
electrons scattered at high angles are collected by an annular detec-
tor located around the incident beam. Since heavy elements scatter
electrons much more than lighter ones, the brightness on HAADF
images indicates heavy elements, whereas darkness indicates light
elements. The STEM-HAADF investigation was carried out using a
JEM—ARM 200F Cold FEG TEM/STEM, operating at 200 kV and
equipped with a spherical aberration probe and image corrector. A
point resolution of 0.78 A in the STEM mode is reached on this
setup. 50-60 nm thick cross sections were prepared along the
Co,MnZ [110] zone axis by focused ion beam etching using Ga
ions. The [110] zone axis is very suitable to study chemical disorder
in Heusler compounds since it has only mono-elemental columns
at least for the L2; and inverse X structures, as shown in Fig. 11.
Thus, very different patterns should be observed depending on
the chemical ordering, especially when the contrast is high
between Z and Mn atoms, for instance, in Co,Mn-Al, -Si, -Sn,
and -Sb. For the two other compounds (-Ge and -Ga), the con-
trast is low and the chemical ordering is thus difficult to see by
the eyes. In that case, profiles along [110] and [001] azimuths
help to determine the structure.

TABLE IV. Intensity of the possible diffracted peaks according to the different chemical ordering in the X,YZ Heusler cells described in Fig. 1 (see Appendix A).

Intensity dependence for X,YZ Heusler structures

h,k,1

same parity A2 B2 B32a Do3 L2, X
h+k+1=4n 12+ fy + fol

(004) (220) i

h+k+l=4n+1 0 0 [fz—fl? Ifz —3fx — 3fyl [zl [zl
(113) (135) ,

h+k+l=4n+2 0 12fx—fy—Fol* 0 |3fx +3fy — [l 12fx—fr—fI’ [fz—f)*
(002) (222) i

h+k+l=4n+3 0 0 [zl Ifz —3fx —3fyl [zl [zl

(111) (133)
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The STEM-HAADF micrographs and intensity profiles are
first shown for Co,MnSi, Co,MnGa, and Co,MnGe in Fig. 12.
Beside the fact that these three films have an excellent crystalline
quality, the different intensity profiles demonstrate the L2; struc-
ture in these compounds. Indeed, intensity profiles along [001]

a) b)

FIG. 10. XRD diagrams around (111),
(311), and (222) for the Co,MnZ
series.

26 27 28

indicate the vertical Z-Co-Mn-Co-Z column sequence. Two kinds
of profiles were observed along [110], one corresponding to a series
of Co columns and the other to a periodic sequence of Mn-Z
columns. This is exactly what is expected for the L2; chemical
ordering (Fig. 11).

L2, unit cell Atomic columns

6.00 A

(110) plane
® Co ® Mn

FIG. 11. (a) Schemes of the [110]
zone axis in the Heusler structure and
(b) atomic columns for the four possi-
ble structures delimited by x-ray diffrac-
tion. The different profiles that allow us
to distinguish between the four struc-
tures are also shown.
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FIG. 12. STEM-HAADF micrographs and intensity line profiles of Co,MnZ compounds with Z

identify a L2, chemical ordering for these compounds.

occurring, which is a random mixing of Mn and Al on their sites.
This is what we observed since the [110] atomic columns in

As expected according to RHEED and XRD results, this L2,
chemical ordering is not observed on Co,MnAl and Co,MnSb

micrographs,

Fig. 13(a) actually correspond to the B2 pattern in Fig. 11. The

but more surprisingly also not on Co,MnSn. For

situation is quite different for Co,MnSn. If in some places of the

Co,MnAl, we have seen by RHEED and XRD that a B2 phase was
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FIG. 13. STEM-HAADF micrographs and intensity line profiles of (a) Co,MnAl
and (b) Co,MnSn compounds. The profiles along [110] and [001] allow us to
confirm the B2 structure for —Al. For the —Sn compound, a mixing of L2; (not
shown) and inverse X (shown here) was observed.

cross section, a L2; ordering was observed (not shown here), an
inverse X phase pattern was also observed as shown in Fig. 13(b).
One site of Co and the site of Mn have swapped, leading to the
[110] columns distribution as sketched in Fig. 11 for the inverse
X structure (see Fig. 1). Our Co,MnSn films are thus made of a
mixing of L2, and inverse X chemical orderings. Finally, if the Sb
location was clearly visible on Co,MnSb micrographs as in
Co,MnSn, the profile analysis did not allow us to identify any
chemical ordering on the sites around Sb (not shown see,

TUTORIAL scitation.org/journall/jap

Ref. 68). The chemical ordering is thus still an open question for
Co,MnSb, but a mixing of phases (CoMnSb + Co,MnSb) has to
be considered, as proposed in the bulk.'” Finally for all the com-
pounds, the Au capping layer has grown epitaxially with very
smooth and flat interfaces, either (001) for Z = Al, Ga, Sn or (111)
for Z=Si and Ge, as already shown by XRD in Fig. 8. This is
promising for future stack designs using Au-spacer based spin
valves. It should be noted that we also used Ag for capping, but a
3D growth on Co,MnGe was clearly identified using similar
STEM analysis. One should take care about using Ag as a spacer
in Co,MnZ Heusler-based spin valve devices, at least when using
MBE as the growth process.

V. ELECTRONIC PROPERTIES IN CO,MnZ HEUSLER
THIN FILMS

Using ab initio calculations, some specific features were pre-
dicted for this Co,MnZ Heusler family (Table V). First, the spin
polarization near the Fermi energy was predicted to be 100% for
some of these Heusler compounds, but not for all. Second, the
magnetic moments per unit formula were determined for each
element in the compounds, and the average moment per unit cell
was found to be governed by the Slater-Pauling behavior.® Third,
ultra-low magnetic damping coefficients were calculated.””””

In the following, a review of experimental magnetic properties
reported in previous papers™*"**°® but also new results are given.
Appropriate techniques such as spin-resolved photoemission spec-
troscopy (SR-PES), x-ray magnetic circular dichroism (XMCD)
(both performed at SOLEIL synchrotron sources) and ferromag-
netic resonance (FMR) were used. In the first section, we first show
that FMR is a very powerful tool to control the quality of Heusler
compounds and hence help us to get ultra-low magnetic damping.
In the second section, an experimental review of our reported results
is proposed and compared to theoretical expectation of Table V.

A. FMR: A powerful tool to study Heusler compounds

An FMR analysis gives many parameters, i.e., absolute mag-
netic moment, anisotropy, Landé factor, and magnetic damping,
noted a in the following (see Appendix B). This technique is
also extremely sensitive to any defects in the films. In many experi-
mental papers, unexpected results are discussed considering chemi-
cal disordering. But another feature to explore is the influence of
some deviation from stoichiometry on the electronic properties.
Such a deviation may lead to areas of chemical disorder that can be
detected by FMR, even if most of the material is in a perfect (here
cubic) structure. We, therefore, first looked at the effect of a devia-
tion from the 2:1:1 stoichiometry on the ferromagnetic resonance
spectra. Second, we investigate the FMR response on Heusler films
containing two different chemical orderings. Third, we looked at
the FMR response of Heusler polycrystalline films with structural
disorder at grains boundaries. A series of off-stoichiometric
Co, _xMny ,,Si; , , films were prepared with x =y +z (to respect the
total number of 4 atoms in the primitive cell) and were examined by
FMR. The stoichiometry was achieved by using the flux calibration
process with the help of a QM as described in Sec. 1. A vector
network analyzer ferromagnetic resonance (VNA-FMR) setup was
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TABLE V. theoretical prediction of spin polarization, magnetic moment (per Co,MnZ unit formula) with Slater-Pauling expectation, and magnetic damping for the

Co,Mn-based Heusler series (see Ref. 41).

Predicted structure Calc. spin polarization (%) Calc. magnetic moment (ug)™" Slater-Pauling (ug) Calc. magnetic damping

Co,MnAl B2 68
COzMnSi L2 1 100
Co,MnGa L2, 67
Co,MnGe 12, 100
Co,MnSn 12, 77
Co,MnSb L2, 100

3.97 4

4.94 5 6x107°
4.06 4

4.94 5 1.9%x107*
498 5 7x107*
5.62 6

used using a static field equal to 2.1 T perpendicular to the films
plane (see Refs. 41 and 42 for more details). The measurements were
performed near the ferromagnetic resonance frequency, driven by a
radio-frequency magnetic field of small amplitude. The FMR results
are shown in Fig. 14 for different Co, _ Mn, , ,Si; ,, films. A drastic
change in the dynamic magnetic permeability is observed when
going off-stoichiometry: resonance linewidths are strongly affected,
as well as the appearance of several peaks that show the occurrence
of several magnetic phases within the sample.

This is a clear demonstration that the magnetic properties are
extremely sensitive to any stoichiometric deviation in these com-
pounds, where other techniques such as RHEED or XRD are not.
Indeed, the final RHEED patterns along [110] azimuth are also
shown in Fig. 14 in order to illustrate that this kind of deviation
(up to 30% on each element) cannot be detected during the
growth. Indeed, no significant differences are observed on RHEED
patterns because the surface lattice is still the same (2D square
lattice). Moreover, the diffraction streak intensities were very
similar for each composition, and the half-streaks (sensitive to the

Co,, 2.1 Tesla along z

Im (permeability) (arb. unit)

ConnSi Col.‘)MnSil.l

Co, Mn_Si
19 1.2 09
18 24 30 36
Frequency (GHz)

FIG. 14. VNA-FMR measurements on Co, _ ,Mn; .+ ,Siy . , films with different x,
y, z compositions with x = y + z. The corresponding [110] RHEED patterns
are inserted.

Mn/Si ordering) were not strongly affected. Hence, in order to
explain the physical properties of Heusler compounds, one has to
go beyond the simple occurrence of half-streaks on RHEED pat-
terns [or XRD (111) reflection]. One should note that all the FMR
resonances observed for off-stoichiometric samples collapse in a
unique resonance when reaching the 2:1:1 ratio. So, a first conclu-
sion is that the control of the 2:1:1 ratio is crucial to get only one
FMR mode, and thus to extract an accurate estimation of the mag-
netic damping coefficient. FMR doublets were sometimes observed
and interpreted as the consequence of coexistence of two distinct
phases (B2 and L2, for example) (reference sample in Ref. 33), but
our former analysis shows that it may also originate from stoichi-
ometry deviation (Fig. 14). To disentangle the impact of these two
behaviors on FMR, we propose to examine the case where two dif-
ferent chemical phases coexist together with the best control as
possible of the 2:1:1 ratio. As Co,MnSi grows in the L2; structure
and Co,MnAl in the B2 one, Co,MnALSi; _,, is a model system to
test the FMR response to chemical phases mixing (keeping in mind
that the cubic lattice is fixed in the film whatever the x value).
A series of 20 nm thick Co,MnALSi; _, films were thus grown in
the same run with x =0, %, %, %, and 1. We actually observed
such phase mixing by HRTEM.** Typical FMR spectra are shown
in Fig. 15 for pure Co,MnSi, Co,MnAlSi; _, with x =% and pure
Co,MnAl. The first important result to note is the unique FMR
transition in single-B2 phase Co,MnAl (4 up per formula unit) and
single-L2, phase Co,MnSi (5up per fu.). When the Si and Al
phases coexist, two FMR resonance peaks were actually observed
depending on the applied magnetic field. This can be explained by
the different magnetic moments in each phase. Even if we never
observed well-separated transitions, this is a signature of the two
phases mixing. Indeed, the origin of this doublet cannot be attrib-
uted to any even small deviation to stoichiometry since a unique
transition was observed in Co,Mn-Al and -Si. Consequently, we
confirm that the coexistence of two phases in Co,MnALSi; _, may
lead to doublets in the FMR response depending on the applied
field amplitude.

But is it still the same with a single compound with two
phases inside the film? The case of Co,MnSi polycrystalline film
grown on glass substrate allows us to answer this question. We
actually observed the coexistence of the B2 and L2; within the
grains and interestingly only one FMR transition was observed
(Fig. 16).”° One may argue that structural defects in polycrystalline
films on FMR may lead to FMR transition broadening that hides
the double transition but this is not true here comparing FMR
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FIG. 15. Comparison of FMR spectra observed in B2-Co,MnAl, L24-Co,MnSi
and mixed B2-L2; Co,MnAlSi;_, films. A FMR doublet is observed for the
bi-phased sample.

spectra in Figs. 15 and 16. This means that the magnetic moments
in each phase are the same. This confirms the theoretical work of
Pradine et al”’ who showed that the magnetic moment in
Co,MnSi is similar for B2 and L2; chemical ordering. In such a
case, the observation of FMR doublets is a signature of off-
stoichiometry rather than the coexistence of B2 and L2, mixed
phases. Finally, FMR doublets were observed in irradiated
Co,MnSi films to artificially create 2 phases within the film, i.e.,
L2, area surrounded by disordered area.’”””” This situation is
quite different from what we observed here. Indeed, grain bound-
aries were created by ion irradiation leading to areas in which A2
phase (random disorder) prevails over the B2 one. In that case,
the magnetic moment is certainly strongly affected in the disor-
dered regions and so is the FMR response. To summarize, multi-
ple transitions in FMR may be explained by off-stoichiometric
films or/and presence of two phases (or more) with different
magnetic moments. This study shows that stoichiometry devia-
tion has to be taken into account as another possible origin of
any multiple FMR transitions. However, in the case of two
phases with similar magnetic moments within the same lattice
(B2 and L2, in Co,MnSi), standard FMR is not able to distin-
guish them. At least, this also highlights the necessity to mini-
mize structural defects in order to get small FMR linewidth and
consequently a good estimation of the magnetic damping.
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FIG. 16. Example of FMR response on a Co,MnSi polycrystalline film contain-
ing both B2 and L2, chemical ordering in the grains.”® Top, HAADF-STEM
image along [110] zone axis and bottom, corresponding FMR spectra.

B. Magnetic moment, spin polarization, and
magnetic damping

The magnetic moment in magnetic Heusler films is also very
sensitive to structural and chemical ordering, as figured out in
many theoretical works.'””*”” A review of the total magnetic
moments measured by XMCD and FMR on stoichiometric and oft-
stoichiometric films is given in Table VI (the element specific spin
and orbital moments obtained by XMCD on stoichiometric films
are detailed in Appendix C). Theoretical values are also noted.
The first important remark is that the total magnetic moment is
very sensitive to the stoichiometry. This is not surprising since
strong modification of the Mn magnetic moment is predicted
depending on its site location in the cubic cell.'®”’ Thus the
average magnetic moment by standard measurement (SQUID,
VSM) is an excellent first test of the quality of the films. Naturally,
one should also use FMR for that purpose, with the great advantage
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TABLE VI. Comparison of Co,MnZ magnetic moments between calculations, bulk,
and thin films. The magnetic moments are given in ug per Co,MnZ unit formula. X
indicates no measurement.

This study”"**

Theory at 0K*®  Bulk'”  XMCD  FMR
Single-crystalline Co,MnZ films
Co,MnAl 3.97 4.01 3.83 43
Co,MnSi 4.94 5.07 5.09 5.1
Co,MnGa 4.06 4.05 5.11 5.4
Co,MnGe 4.94 5.11 4.48 5.0
Co,MnSn 498 5.08 445 5.5
Co,MnSb 5.62 49 X 5.1
Off-stoichiometric Co,_ Mn; , ,Si; .,
C01.6Mn1_4Si X 3.0
COl.gManSi X 4.2
COl_gMnLlSi X 3.9
Poly-crystalline films
Co,MnSi 5.07 X 5.0
Co,MnGa 4.05 X 4.9
Co,MnGe 5.11 X 4.9

that FMR gives an absolute determination of the magnetic moment
of the film alone (contrary to VSM and SQUID measurements that
have to be corrected from MgO substrate magnetic contribution™
and depend on the uncertainty of the surface of the sample and
thickness of the film). Another interesting characteristic is that
the Z element is often predicted to be polarized, and anti-
ferromagnetically (AF) coupled with Co and Mn. This was already
reported in literature by using XMCD,"*'~*" and here we con-
firmed this induced magnetism and AF coupling at least for Ga
and Ge (Appendix C). The last point to address for stoichiometric
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samples is that the Slater-Pauling behavior is actually observed
in Co,Mn-Al, -Si, -Ge, -Sn but not in our Co,MnGa films
(we measured the same value over at least six different samples).
This comparison is not relevant for Co,MnSb since its structure
and chemical ordering were not identified in our films.
Interestingly, it was not identified in the bulk too.'” As the mag-
netic moment, FMR is also very sensitive to the whole magnetic
properties of our films. The results are reviewed in Table VII,
together with SP measurements already reported in Refs.
3,41,42,68, and 85. This experimental review is now compared with
theoretical predictions given in Table V and provides important
information in order to reach ultra-low o. First, the spin gap is
actually confirmed for type IV Z element (Si, Ge, and Sn but with
a small gap), whereas no spin gap was observed for Z = Al The
magnetic damping values are qualitatively correlated with this spin
gap occurrence and value (Table VII, the largest the spin gap, the
lowest the damping) as suggested based on experimental results’”*'
and ab initio calculations.”””> We recently observed a quantitative
link by looking at correlation between SP and o in Co,MnALSi; _
quaternary alloys.”” Indeed, Co,MnSi grows in the L2, structure
with a full SP and Co,MnAl in B2 with SP ~ 60% (Table VII).
Inserting Al in Co,MnSi is thus a good way to get a mixture of
these two phases and consequently to vary the spin polarization.
We actually observed such phases mixing by HRTEM allowing us
to tune the SP from 100% to 60% as shown by SR-PES. The o
values of the series measured by FMR were found to vary linearly
with the Al content and hence with the SP, as shown in Fig. 17. To
conclude, this is a clear experimental demonstration that the ultra-
low magnetic damping obtained in some Heusler compounds is an
indirect proof of their HMM behavior. The case of Co,MnGa is
puzzling, since we observed full SP on single-crystalline films with
a (001) oriented surface (Table VII) although a lower value was
predicted in bulk (Table V). However, its o value was the largest
observed among the series (Table VII). Recently, we observed a

TABLE VII. Review of the spin polarization measured by photoemission and magnetic parameters extracted from FMR**'#*% (HWHM: half-width at half maximum).

FMR

HRTEM structure  Spin polarization (%)  Spin gap (eV)  uoMegr (T)/(up) g a (x107°) HWHM Afy (MHz)
Single-crystalline Co,MnZ films
Co,MnAl B2 63 no 1.07/4.3 2.02 1.10 12
Co,MnSi L2, 100 0.7 1.31/5.1 2.01 0.46 14
Co,MnGa L2, 100 ~0 1.33/5.4 1.96 2.10 102
Co,MnGe L2, 100 0.5 1.22/5.0 1.99 0.53 24
Co,MnSn X+12; 81 0.25 1.20/5.5 2.00 0.91 16
Co,MnSb ? 36 ? 1.14/5.1 2.02 0.96 133
Polycrystalline Co,MnZ films
Co,MnSi B2+ L2, 100 0.7 1.32/5.1 1.99 1.6 7
Co,MnGe X 90 0.5 1.22/5.0 2.00 1.5 13
Co,MnGa X 55 no 1.23/4.9 1.95 4.6 121
Off-stoichiometric Co,_ Mn; . ,Sij . .
Co, Mn, 4Si X x X 0.73/2.9 2.00 35 220
Co, sMn, ,Si X X X 1.07/4.2 1.98 1.3 70
Col.gMnl_lsi X X X 0.96/3.7 1.99 0.7 37
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FIG. 17. Correlation between the spin polarization and the magnetic damping in
Co,MnAlSi; _ , epitaxial films.*®

much lower SP (55%) on this compound grown as polycrystalline
film on glass (Table VII). This point was clarified since according
to Co,MnGa calculated band structure,” the whole Brillouin zone
was not probed with our SR-PES measurement conditions in
Co,MnGa single-crystalline films (although the whole BZ is probed
for a polycrystalline film).®® We thus confirm that Co,MnGa is not
HMM. Nevertheless, this is not sufficient to explain its highest
magnetic damping observed in the series, since Co,MnAl is also
not fully polarized although its magnetic damping is lower.
There is however one important difference between these two com-
pounds, ie., the magnetic properties homogeneity Af, is much
larger in Co,MnGa than in Co,MnAl This may originate from
some antisite disordering””* difficult to detect by STEM-HAADF
due to the small contrast between the elements in Co,MnGa. There
are probably other routes to understand the peculiar properties of
our Co,MnGa thin films compared to the other compounds, since
its magnetic moment does not follow the Slater-Pauling behavior
(Tables V and VI), and its magnetic anisotropy is the highest
among the series. Another puzzling compound is Co,MnSb,
since the SP determined by SR-PES (Table VII) is low compared
to the calculated one (Table V), although its magnetic damping
is observed to be very low. We explained this SP low value by
noting that surface reconstructions due to Sb segregation at the
surface were systematically observed by RHEED*"**® on the con-
trary to the other compounds of the series. Indeed, SR-PES is
sensitive to the near surface and there is no reason that the spin
polarization is conserved when the surface lattice and chemical
composition is different from the bulk. As an ultra-low magnetic
damping is observed for this compound, we thus emphasized that
Co,MnSb is close to be HMM within the film, i.e., in bulk, as pre-
dicted by theory.

VI. CONCLUSIONS AND PERSPECTIVES

In this Tutorial, we looked in detail at the structural and
electronic properties of Co,MnZ Heusler compounds grown as
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thin films by molecular beam epitaxy. An accurate control of the
stoichiometry was possible thanks to the extremely high sensitiv-
ity of quartz microbalance controller available now. In addition,
we validate our process control assuming a unity sticking coeffi-
cient on the quartz microbalance and on the surface during
growth for all the compounds studied here. A bilayer growth
mode is systematically observed, even at low temperatures. This
means that the basic growing block is a Co cube centered by Mn
or Z elements demonstrating the high stability of these Heusler
phases. However, a variety of chemical ordering within the FCC
lattice is possible, and we show that the observation of (111) peak
by x-ray diffraction is not sufficient to claim the occurrence of
the L2, ordering. STEM-HAADF is shown to be a powerful tool
for that purpose. Our results highlight on one hand the key role
of the stoichiometry on the electronic properties of these com-
pounds. At least, one can get lower magnetic damping in stoi-
chiometric polycrystalline films than in single-crystalline films
prepared with a poor control of the 2:1:1 ratio. On the other
hand, the clear correlation between the spin polarization and the
magnetic damping observed in Co,MnAl,Si;_, alloys is a direct
proof of the spin gap as the origin of ultra-low magnetic
damping. The lowest magnetic damping coefficients are thus
observed when the spin gap is present (Co,Mn-Si, -Ge, -Sn and
probably -Sb), and the highest in Co,Mn-Al and -Ga with no
spin gap at the Fermi energy. Another important conclusion of
this work in the perspective of applications is that a HMM mate-
rial keeps its peculiar electronic properties even in polycrystalline
films providing a good control of the stoichiometry. The most
important issue for applications using the sputtering deposition
technique is thus to find some way to control the stoichiometry
as best as possible although single-crystal films are not manda-
tory. If this is certainly the key parameter for applications, this is
not the only one issue for applications. Another important goal
not addressed here is to get Heusler thin films with perpendicular
magnetic anisotropy (PMA).*””" The PMA was obtained in
superlattices”**°® but at least the impact of spin-orbit coupling
on the electronic band structure and magnetic damping is still
an open question. Getting HMM films with PMA and ultra-low
damping will still require significant research efforts in the
coming years. Finally, there is a very large variety of Heusler
compounds which can have other interesting properties for
spintronics. By playing on the chemical elements in the Heusler
structure, one can obtain magnetic films with weak magnetic
moments (Ni-based Heusler,*>”? and even zero for antiferro-
magnetic or compensated ferrimagnetic compounds.”””* Some
half-Heusler compounds were also identified in theory as topo-
logical insulators.”” The integration of such Heusler compounds
in semiconductor-based device is also a challenge.” Finally,
these materials also offer the possibility to couple thermoelec-
tric, magnetic and electrical transport properties.”” It remains to
succeed in preparing these materials in thin films with the
required properties. There are still many Heusler compounds
possibilities to explore, including quaternary alloys.”>” The
number of promising Heusler compounds is so vast that the
strong and continuous efforts in ab initio calculations (at the
origin of this research field) must continue to help the experi-
mentalists in their choice of materials to study.

J. Appl. Phys. 128, 241102 (2020); doi: 10.1063/5.0014241
Published under license by AIP Publishing.

128, 241102-16


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

ACKNOWLEDGMENTS

This work was supported partly by the French PIA project
“Lorraine Université d’Excellence,” reference ANR-15-IDEX-04-
LUE, by the Agence Nationale de la Recherche (France) under
Contract No. ANR-17-CE24-0008 (CHIPMuNCS) and by the
“SONOMA” project co-funded by FEDER-FSE Lorraine et Massif
des Vosges 2014-2020, a European Union Program.

APPENDIX A: X-RAY DIFFRACTION DETAILS
1. Structure factor calculation

Starting from the four different sites u=a, B, 7, and § in the
Heusler unit cell (Fig. 18), one is able to calculate the associated
structure factor using the equation F(q) = Y, f,*™", where F is
the structure factor, q a reciprocal lattice vector, and r, represents
the position of the u site in the (4, b, ¢) lattice as shown in
Table VIII.

It is now easy to obtain the structure factors for the different
chemical phases shown in Fig. 1 by using an occupation matrix
that defines the occupation rate of the site u by the element,”’ as
shown below,

fa 1—‘ctCo l—‘otCo l—‘atMn raZ fCo

fu =T — Jo | _ | Toco Tpco  Tpwn Tpz fco ’
fy 1-‘;/Co F}/CO l—‘yMn ryZ an
fé Tsco Tsco Tsz Tez fz

where each coefficient I'x is the occupation rate of the element
on the site u. For instance, the occupation matrix of the B2
phase is

10 0 0
co_| 01 0 0 f“:f/;:fcf’l
2710 0o 12 12 fr=ts=3fum+5f

0 0 12 12

®o O @/
¢ o
¢ | | @ o
b

.’_)

a

FIG. 18. Heusler Fm3m structure and its four different sites.
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TABLE VIII. Structure factors F(hkl) expressed according to the four sites shown in
Fig. 18.

h,k,l conditions F(h,k,D)

h, k and I evens F =Alfo + fp + f + f5]
h+k+1=4n

h, k and [ odds F = Alfy —fp—i(f, — f5)]

h+k+l=4n+1
h, k and [ evens
h+k+l=4n+2
h, k and [ odds
h+k+l=4n+3

F = 4lfa + f5— fr — fo
F = A[fy,—fy+ilf, — f5)]

2. Quantitative analysis

In order to differentiate the chemical ordering using standard
x-ray diffraction, a quantitative analysis of the Co,MnZ XRD reflec-
tion intensities is necessary. The intensity of a diffracted peak
depends on many parameters as (see, for instance, Ref. 67)

3.2
Loz (hkl) = 21057

— LPA;T|Feonnz (hKD), (A1)
o
where Ico,mnz(hkl) is the peak intensity, A is the radiation wave-
length, ry is the classical electron radius, S is the shined crystal
surface, 7 is the film thickness, o is the scanning velocity, V¢ is the
unit cell volume, L is the Lorentz correction factor, P is the polari-
zation factor, Af is the absorption factor, T is the thermal diffuse
scattering factor, and Fco,vnz(hkl) is the structure factor of the
crystal. Due to this complex equation, intensity simulations are
often tricky. We propose here another method of analysis without
trying to calculate the peaks intensity, but rather by comparing the
intensity of one peak—(222) for example—from one compound to
the other, according to the (222) structure factor of the different
phases given in Fig. 1. This is possible here because the lattice spac-
ings of the compounds are very close to each other, so a given
(hkl) peak is found at similar angles leading to a very similar con-
figuration (w, A, S, etc.). All the correction factors are thus consid-
ered to be the same for a given (hkl) reflection from one
compound to another. This might appear as a crude approximation
but one can see that it is well justified in Ref. 67. Thus, the intensity
can be expressed as

T
Ico,mnz(hkl) = A(hKI). = |Fcommnz(BKD)[, (A2)

where A(hkl) is a constant for one given (hkl) reflection for the
whole Co,MnZ series. This means that the square root of the inten-
sity with thickness and lattice constant correction called A(hkl) in
the following is proportional to the structure factor as

3
/ a
|Fcopmnz(BkD)| o £ 4/ Ico,vnz (hKD) s Aco,mnz(BKD).  (A3)

The lattice constant a of each compound is determined by XRD
and the layer thickness 7 by the different methods described
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FIG. 19. A(222) parameter obtained for each compound plotted as a function of
Feomnz(222) for the X, L21, and D03 chemical phases.

above (RHEED, XRR). The next step is to plot the “normalized”
intensity Aco,Mmnz as a function of the structure factor Fco,mnz for
a given (hkl) reflection. Looking in Table VIII, h + k+ 1 = 4n+2
reflections are the most interesting since in that case Fészan #*
FCDc())ZMnZ # F&onmz- Thus, Acenmnz should vary linearly with
Fco,mnz if all the films are in the same structure. Another way to
see the advantage of this method is to look at special situations.
Imagine that the structure is L2; for Z=Si, Ga, and Ge but not
for Sn (that could be in D03 or X structures). Thus, a Aco,mnz
linear variation with Fé(z)‘zMnZ should be observed with Si, Ga, and
Ge but the Sn point should not be on this curve since the D03
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and X structural factors are different. An example of such a quan-
titative analysis on the (222) reflection is presented in Fig. 19. The
scattering amplitudes fco, fun, and every f; were taken from the
DABAX database, "’ taking into account the incident radiation
energy (Ko Cu) as well as the anomalous part of the scattering
amplitudes with angle corresponding to the reflection.

In Fig. 19, a linear variation is observed for the three chemical
phases and does not allow us to identify which one occurs in our
series of compounds. Even though this study was not conclusive, it
is a demonstration of the difficulty to disentangle these three chem-
ical phases by using only standard diffraction. Moreover, it shows
that one cannot claim the L2; structure with the simple occurrence
of a 4n +1 or 4n + 3 reflections. For more details, see Ref. 68

APPENDIX B: FERROMAGNETIC RESONANCE

In this work, vector network analyzer ferromagnetic resonance
(VNA-FMR) is used to study the magnetization precession motion
and more precisely the sample’s dynamic magnetic susceptibility
tensor (one of its coefficients). The measurement of the dynamic
susceptibility allows us to obtain the magnetic damping coefficient
value. In the following, we remind some basics regarding FMR
measurements, then the experimental geometry used in the present
work will be discussed. Finally, we present how the parameters
were extracted from the data.

1. FMR Basics

FMR measurements consist in moving the sample magnetiza-
tion into a precession motion by using an oscillating magnetic field
of small amplitude, in the radiofrequency (rf) range. When the fre-
quency of this rf excitation field matches the resonance frequency
of the sample, the magnetization starts to oscillate around its
equilibrium. The resonance frequency and the precession motion
lifetime are not only fixed by the effective field felt by the magneti-
zation, but also by several intrinsic magnetic parameters such as
the damping coefficient. These parameters can be obtained through
measurements of the dynamic magnetic susceptibility that is the
response of the system under the rf excitation. In the linear
response regime, the rf excitation field amplitude is much smaller
than the static field H, applied to saturate the magnetization.
When this static field is applied perpendicularly to the film’s plane,
and within the low damping approximation, the real and imaginary
parts of the y,,, coefficient of the dynamic susceptibility tensor read

, (0> — ©?)
(@) = yoM, , , (B1)
Ly Yo (@ — 0?)* + 42220?
(aw? + 0w
Xyy(@) = 7oMs . (B2)

(@2 — 0?)* + 402020?’

where o is the magnetic damping coefficient, ¥, is the gyromag-
netic factor, Mg is the saturation magnetization, ;, is the resonance
pulsation with 3£ = y,(Ho — M) and Mg is the effective magneti-
zation. The real and imaginary parts of the dynamic susceptibility
have thus a Lorentzian-like shape, typical of resonance phenomena,
where divergence at the resonance frequency is prevented by the
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damping term. Moreover, one can see in the expression of y’ yy and
X’ By that the linewidth is equal to 20w;. Thus, the study of the reso-
nance frequency and linewidth dependency with the static field
allows us to extract the magnetic damping coefficient.

2. Experimental geometry

The VNA generates a rf signal in a broad frequency range
(typically 1-40 GHz). The sample lies on a coplanar waveguide
(CPW) in which the rf signal creates a rf magnetic field of small
amplitude in the y direction. The sample magnetization is saturated
with a static magnetic field By = u,Hy, ranging from 0 to 2.5 T and
applied perpendicularly to the film’s plane. A sketch of the setup is
presented in Fig. 20. The dynamic magnetic susceptibility is mea-
sured by the VNA for different Hy steps, via the scattering matrix
tensor, which is proved to be directly related to x.'’" The 20 nm
thickness of our samples allows us to get an excellent signal-to-
noise ratio according to the magnetic moments of our Heusler
layers. However, our setup is sensitive enough to measure only
several atomic layers of magnetic material.

Two important points on the experimental geometry and
setup must be addressed. First, the magnetic damping coefficient
measured by FMR is an effective value o, that contains the intrin-
sic damping but also extrinsic contributions,

Qeff = Qint + Qrad + Qeddy + Osp + -, (B3)
where @, is the intrinsic damping, o, is the radiative damping
term, oteqq is the eddy current damping and e, is the damping con-
tribution due to spin pumping effect. @44 and .44 both originate
in the coupling of the sample with the CPW, where out of phase
currents are generated and re-induced to create out of phase oscillat-
ing field. These contributions are complex to estimate'’” and are
beyond the goal of our study. ay, on the other hand, comes from the
spin currents generated toward the capping layer through spin
pumping effect. In our study, the capping layer is Au which has a

Side view
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Top view
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~
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Port 1
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small effective spin Hall angle,]03 thus o, is assumed to be small. In
summary, effective values measured in this study are upper value of
the intrinsic magnetic damping coefficient. Second, the perpendicu-
lar geometry (static field applied out of plane of the film) was
chosen to avoid another extrinsic contribution to the resonance line-
width called the 2-magnon scattering broadening,'”* This geometry
is thus pertinent for measuring ultra-low magnetic damping values.

3. Data treatment

An example of FMR measurement on a 20nm thick
Co,MnSn epitaxial Heusler compound® is shown in Fig. 21.
The real and imaginary parts of the dynamic susceptibility were
collected [Fig. 21(a)] for different static magnetic field values from
1to 2.3 T with a 0.05T step. To determine the resonance frequency
and linewidth, both the real and imaginary parts were fitted with a
function close to the dynamic susceptibility expression. Then, the
resonance frequency as a function of the applied field [Fig. 21(b)]
and the full width at half maximum as a function of the resonance
frequency [Fig. 21(c)] are plotted. Using the FMR data treatment
defined by Kittel'”” in the case of a perpendicular geometry, a
linear variation of the transition linewidth Af with the resonance
frequency f, is obtained. In the literature this transition linewidth is
defined using the full-width (Aff"HM) or the half-width (AfTWHM)
at half maximum.®® These linear variations thus are written as

ATV = 2ayo(H — My) + Ay V™ = 2af, + AV (B4)

or

AfHWHM — a’}’o(H _ Meﬂ) _'_AfOHWHM — Olﬁ + AfOHWHM; (B5)

where y, = %2, H is the applied magnetic field and My is the
effective magnetization. Using Eq. (B5) (used in this paper, so
AfHWHM values are reported), one can have access to the Landé-g
factor through y,, here equal to g =1.99 + 0.01, the effective

FIG. 20. Sketch of the VNA-FMR setup with the perpen-
dicular geometry.
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FIG. 21. FMR measurements on a
Co,MnSn epitaxial layer; (a) the real

and imaginary parts of the dynamic

23.2 23.6 24.0 244

susceptibility measured with the VNA,
(b) plot of the resonance frequency as

Frequency (GHZ) a function of the applied field for which
b) 30 T T T T ¢) T i T T a Iti.ne?r fit gi(\j/eLs ug'the etffec(ti\;e |mtag}
— - netization and Landé-g ratio, (c) plot o
Yo/2n = 28.03 GHz/T —40f Z 21 518 M ] the linewidth at half maximum of the
— Mg=12T i\] o = 15. z resonance peak as a function of the
N 20p . § . resonance frequency with its linear fit
T &35F - to obtain the magnetic damping.
@)
Nl Q .
&\H
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HoH (T)

magnetization Mgy = 1.2T, the magnetic damping coefficient
a=91x10"%4+1x107% and eventually the inhomogeneous
linewidth Af,."'

APPENDIX C: ELEMENT SPECIFIC MAGNETIC
MOMENTS

Total magnetic moments measured by XMCD on our Heusler
films are given in Table IX without any details on the element spe-
cific moments. The spin and orbital moments per atoms are given
in the following table (from Ref. 68). The XMCD experiments were
also performed at Ga and Ge 2p edges to evidence the magnetic
coupling between Z and Co and Mn, which is predicted to be anti-
ferromagnetic (AF).”*”*” We actually observed such coupling. The
accuracy on the magnetic moment values is around +10%.

TABLE IX. Atomic magnetic moments determined by XMCD in the different CMZ
Heusler films.

XMCD magnetic moments ()
Co Mn

z Mior PET
coupling  formula unit

Mspin =~ Morb Mspin - Morb

Stoichiometric Co,MnZ

Co,MnAl 092 0.09 178 0.03 X 3.83
Co,MnSi  1.00 0.09 2.87 0.04 X 5.09
Co,MnGa 098 0.09 294 0.03 AF 5.11
Co,MnGe 0.89 0.07 255 0.01 AF 4.48
Co,MnSn  0.88 0.08 252 0.01 X 4.45

Resonance frequency (GHz)

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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