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Abstract

We have studied the stability of manganese germanide thin films grown on Ge(111) substrates by
three different growth methods: solid phase epitaxy, reactive deposition epitaxy and co-deposition.
By combining X-ray diffraction and magnetic measurements, we demonstrate that we can form
either MnsGe; or Mn;;Ges thin films depending on the growth processes. In the case of solid phase
epitaxy, we explain the phase formation sequence by taking into consideration the kinetic and
thermodynamic processes involved. Tuning phase formation of the manganese germanide thin films
was determined using in situ X-ray diffraction and the effect of the thin film thickness on the

Mn;sGe; thermal stability was investigated.
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1. Introduction

Magnetic thin films are extensively used in data storage, magnetic sensors, and other spintronics
technologies [1]. To achieve the desired magnetic properties, a precise control of phase formation
during thin film growth is usually required. The driving forces that govern phase formation include
several factors such as nucleation barrier, interface energy and diffusion flux [2,3]. Also phases
generally appear sequentially and not simultaneously, and also strongly depend on the film
thickness [4]. Thus, understanding the mechanisms of phase formation as a function of the film
thickness is an important advantage for device applications.

The interest in the manganese germanide compounds mainly stems from the MnsGe; alloy which
exhibits interesting features for spintronic applications. This ferromagnetic compound has a Curie
temperature (Tc) of 296 K that can be increased by carbon insertion up to 450 K. Its hexagonal D8g-
type crystal structure (anex = 7.18 A, chex = 5.05 A, prototype structure MnsSis) enables the epitaxial
growth of thin films on Ge(111) substrates with the following relationships: MnsGe;(0001)//Ge(111)
and MnsGe;[1-100]//Ge[11-2] with a lattice mismatch of -3.75% [5-8]. Studies about the magnetic
and electrical properties and the several growth methods of MnsGe; thin films on Ge(111) substrates
have demonstrated the assets of this intermetallic alloy as a ferromagnetic electrode for spin
injection for instance [9-13]. Moreover Mn;;Ges, sometimes referred as Mnz;Ge,, is another
manganese germanide phase exhibiting interesting magnetic properties. Mn;;Ges is a non-collinear
antiferromagnet below 150 K and a ferromagnet up to 274 K [14]. Its orthorhombic crystal structure
is closed to the MnsGej; structure with a = 13.21 A, b = 15.88 A, ¢ = 5.09 A (prototype structure
CriiGeg). Theoretical predictions suggest the possibility of epitaxial growth on Ge(111) [15].

The present work combines X-ray diffraction (XRD) and magnetic measurements to study the
formation and stability of epitaxial MnsGe; and Mni;Geg thin films on Ge(111) substrates via
different growth methods: solid phase epitaxy (SPE), reactive deposition epitaxy (RDE) or co-
deposition epitaxy. Emphasis is given on the SPE process to determine the formation sequence of

germanide phases and the stability of the MnsGe; films as a function of the film thickness.

2. Growth methods and experimental details

Thin epitaxial films of MnsGe; and Mn;;Geg were grown on high-purity Ge(111) substrates in a
molecular beam epitaxy chamber with a base pressure better than 2 x 10”7 Pa. To obtain a flat,
smooth, and oxide-free surface, we cleaned the Ge substrates following this method: first, the
samples were immersed in an acetone solution and sonicated for 10 minutes, then immersed in an
isopropanol alcohol ultrasonic bath for another 10 minutes in order to degrease the surface and
finally immersed in a last bath containing a 50% HF acid - 50% H,O mixture to remove the native

oxide. Subsequently, we performed in situ thermal annealing for several minutes at 720 K followed
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by flash annealing at 1020 K to remove the residual Ge surface oxide, which can be formed during
sample transfer into high vacuum. Eventually a 50 nm thick Ge buffer is deposited to bury any
remaining surface impurities and to ensure that the starting surface before the deposition is perfectly

cleaned. In this present article, the films were grown using three techniques, schematized on fig.1.
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Figure 1: Three different growth methods were used to
form the Mn;Ge; or Mn;;Ge; thin films on Ge(111)
substrates: the solid phase epitaxy (SPE), the reactive
deposition epitaxy (RDE) and the co-deposition of Mn
and Ge atoms.

The first technique is the SPE technique used to synthesize the first MnsGe; thin films on a Ge(111)
substrate. It consists in the deposition of a Mn layer at room temperature (RT) onto the Ge(111)
substrate, followed by a thermal anneal at a temperature around 720 K to activate the interdiffusion
of Mn and Ge atoms and the nucleation of the phases. The second method is the RDE: the substrate
is heated up to 720 K and kept at this temperature during the deposition of Mn. The third growth
technique is the co-deposition of Mn and Ge with the 5:3 stoichiometric flux and at a given
substrate temperature. The last two growth methods enable the controlled nucleation of the phase
formation [16]. The chamber is fitted out with a reflection high-energy electron diffraction
(RHEED) system to monitor and check in situ these growth processes. Mn and Ge atoms are
evaporated from Knudsen cell. The flux are carefully calibrated using a quartz crystal microbalance
and RHEED oscillations. Structural characterizations were carried out by XRD. XRD patterns were
collected using a rotating anode Rigaku RU200BH (non-monochromatic CuKal radiation

A=1.541A) equipped with a 2D Mar345 detector. Data were collected over a 20 range of 20-65°.
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The XRD curves (20 versus intensity) are drawn by integrating the intensity of the 2D XRD maps.
Magnetic characterizations of the grown films were performed using a superconducting quantum
interference device magnetometer Quantum Design MPMSXL in a temperature range varying from
5 to 350 K. The temperature dependence of the magnetization has been recorded using a constant

0.1 T external in-plane magnetic field.

3. Mn;Ge; and Mny; Ge; heats of formation

Phase formation has been widely studied in the case of thin films growth taking into account
equilibrium, diffusion processes as well as interface and stress energy [17-22]. According to the
bulk Ge-Mn phase diagram, Mn;;Ges is the Ge richer -non-congruent- phase which undergoes a
peritectic transition into MnsGes and liquid around 1042 K. MnsGe; is a congruent phase melting at
~1245 K and the closest one to the lowest eutectic (993 K, Ge concentration = 57%at) [23]. This
lowest eutectic is also the eutectic closest to the center of the Mn-Ge diagram.

The effective heat of formation (EHF) model is a useful tools to explain the phase formed according
to the growth techniques [24-26]. It was initially developed to predict the sequence of the phase
formation during film growth in the case of a solid phase interaction. The driving force of a reaction
is the decrease of the Gibbs free energy (AG = AH — TAS, T the temperature, AH and AS the
enthalpy and entropy variations respectively). As we considered only solid-state reaction, AS is
negligible, thus AH is a relevant approximation for the variation of AG. However, the local
concentrations of atoms at the interface where the reaction occurs must be taken into account since
it represents the real amount of atoms locally available for the reaction. These local concentrations
depend on the different atoms flux caused by the diffusion phenomena and by the evaporation flux
from the effusion cells. The expression of the effective heat of formation AH’ can be found in ref.
[24]. The heat of formation AH® of the two germanide intermetallic compounds are close: Berche et
al. proposed AH = -17.5 + 0.3 kJ.(mol.at)" for Mn;;Ges and AH’ = -18.4 + 0.3 kJ.(mol.at)" for
MnsGes [27]. Injecting these values into the effective heat of formation (EHF) model, we can draw
the triangular diagram (cf. Fig.2) representing the effective heats of formation AH of MnsGe; and

Mni;:Geg as a function of the Mn concentration.
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Figure 2: The effective heats of formation AH' of the
phases MnsGe; and Mn;;Ge; versus the Mn
concentration.

If the relative concentration of Mn is higher than 58.5%at, the formation of the MnsGe; phase is
more favorable than the Mn;;Ges one, germanium being the limiting element in the phase
formation. These results are consistent with the first principle study on the Mn-Ge systems made by
Arras et al. [15]. At the growth interface, the local concentrations of Mn and Ge atoms can be
changed according to the flux of diffusion of both species or according to the deposition flux, thus
moving the equilibrium. However, the EHF model does not take into account the nucleation barrier
of the phases nor the interface energy. These aspects depend on the congruency or non-congruency
of the phases near the lowest eutectic. Usually, a low eutectic means low interfacial energy and low
nucleation barrier. The Walser-Bené (W-B) rule enriched by Ronay and Bené deals with these
considerations. It was established to predict the first nucleated phase and the subsequent one at
planar interfaces [17,22,28]. Merging the W-B rule and the EHF model, the first phase to form at a
planar metal-germanium interface in a solid state reaction should be the congruent phase
neighboring the eutectic closest to the center of the phase diagram (in at%) and with the lowest
effective heat of formation. This phase is MnsGe; in the case of a Mn thin film on a Ge substrate

according to the binary Mn-Ge phase diagram.

4. Results and discussion

4.1 Growth modes and phase formation

For each growth modes, the initial surfaces consist of the Ge buffer layer ones. These surfaces are
2D and are checked by RHEED prior to any further growth processes. The in situ RHEED
monitoring of thin films synthesized according to the different growth methods show that the
corresponding films surfaces remain 2D.

MnsGe; thin films were historically first synthesized using the technique of the SPE [5]. For 70 nm

thick films and an annealing temperature of 720 K, this technique produces mono-crystalline thin
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films where only the MnsGe; phase is detected either using XRD measurements (fig.3 a) and g)) or
magnetization versus temperature (M(T)) technique (fig.3 d)). The image of Fig3.g) is a typical 2D-
XRD map recording with the Mar345 2D detector and is consistent with a single crystal MnsGe;
layer with the c-axis normal to the sample surface, the position of the diffraction spots being in
good agreement with the reflections (as indicated on the map) mentioned in the reference card of
Mn;sGe; (ICSD-01-089-4887). Especially the peak at 20 = 35.48° is attributed to the MnsGe;(002)
plans. The M(T) curve gradually decreases to reach almost after 299 K which is typical of a

ferromagnetic material with a T¢c = 299 K.
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Figure 3: a-c) X-ray diffraction measurements of
manganese germanide thin films grown on Ge(111)
substrates according to the three growth methods: SPE,
RDE and co-deposition from top to bottom. Yellow
dashed and dots lines index the Mn;Ge; related peaks,
the cyan dashed line index the Mn;;Ge; peaks. g) 2D-
XRD map of a Mn;Ge; film grown by SPE. The black
indexes correspond to the Ge(111) substrate, the yellow
ones to the Mn;Ge; film. d-f) Normalized magnetizations
versus temperature for the Mn;Ge; thin films according
to the used growth methods. The insets display the
corresponding derivative curves dM/dT. The inflection
points of the M(T) curves are deduced from the minima
of the curves, and corresponds to the Curie
temperatures.

On the contrary, in the case of the RDE growth mode, XRD shows the predominantly existence of
the Mn;;Ges phase with the (002) peak at 20 = 35.40°. M(T) analysis displays an antiferromagnetic
transition at 145 K and two ferromagnetic transitions at 270 and 293 K, attributed to the co-
existence of the MnsGe; and Mn;;Geg compound in the thin film. As for the SPE synthesis, the W-B
rule prevails at the interface between the Ge substrate and the Mn metallic film: Mns;Ge; nucleates
first, being the closest congruent phase to the eutectic in the Mn-Ge binary diagram. The RDE
involves two concomitant phenomena, the interdiffusion between the Ge atoms of the substrate and

the atoms of the Mn film as well as the phase nucleation. The Mn flux emitted by the Knudsen cell
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being rather low (~0.3 nm.s"), every Mn atoms reaching the sample surface is immediately
consumed: the nucleation of the phase with the lowest Mn concentration is favored, leading to the
formation of Mn;;Ges as predicted by the values of the effective enthalpy of formation. The
deposition rate which determines the supply of Mn atoms control the selection of the formed phase.
The detection of the MnsGe; phase is explained by the concept of the critical thickness of the first
forming phase before a second phase could start growing [29-31]. As the deposition time increases,
the thickness of the Mn;;Ge;g thin film also increases. The Ge atoms coming from the substrate then
diffuse through this film which slows down the Ge supply at the now Mn;;Ges surface. The local
relative concentration shifts toward Mn richer environment, favoring the nucleation of MnsGe;
according to fig.2.

Regarding the co-deposition, two thin films were synthesized using two different substrate
temperatures: RT and 720 K. In the case of Ts», = RT, XRD and M(T) measurements only reveal the
presence of the MnsGe; phase as a mono-crystalline thin film. The accurate control of the
stoichiometric ratio of the Mn and Ge fluxes combined with the low interface energy (ymnsces/ceain) =
0.53 J.m?) of the MnsGes/Ge(111) system promote the MnsGe; phase formation [15,28,32]. At Tew
= 720 K, the Mn;;Geg phase is detected and the thin film is polycrystalline. The peak around 26 =
35° exhibits two contributions attributed to the (002) plans of MnsGe; and Mn;;Ges. Like the RDE
experiments, the M(T) curve shows the antiferromagnetic transition around 150 K and two Curie
temperature around 270 and 295 K indicating the presence of both MnsGe; and Mn;;Ges alloys.
Since the deposition flux of Mn and Ge atoms are carefully kept in the MnsGe; stoichiometric ratio,
the diffusion of the Ge atoms coming from the substrate is a governing factor explaining the
difference since at 720 K the Ge flux of diffusion being higher, the local Ge concentration at the

substrate/thin film interface leads to the preferential nucleation of Mn;;Ges.

4.2 Sequence of the formation of the MnsGes and Mn;;Geg phase in the SPE case

A 50 nm thick Mn film was deposited on a Ge(111) substrate, followed by an isochronic thermal
annealing at 5 K.min" up to 860 K. The normalized and integrated intensities of the Mn(330),
MnsGe;(002) and Mny;Ges(223) diffraction peaks were recorded in real time during this annealing
by in situ XRD measurements and shown in fig.4. Only one peak for each phase is plotted for

clarity purpose.
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Figure 4: Variations of integrated and normalized XRD
peaks intensities versus annealing temperature in the
case of the SPE growth of a MnsGe; thin film on a
Ge(111) substrate.

The evolution of the peaks intensities confirms the sequential phase formation. MnsGe; is the first
phase to be nucleated at the sub-eutectic temperature of 500 K. These observation can be compared
to the same experiment conducted on a Ge(001) substrate [33]. The shape of the variation of the
Mn;Ge3(002) peak intensity exhibits a linear part from 500 K to 600 K. According to kinetic Monte
Carlo simulation, this linear behavior may be explained by the prevalence of the nucleation process
on other processes such as diffusion ones [21]. In solid phase reaction, intermixing at the interface
is expected to take place at the concentration of the central eutectic point. At this concentration,
Mn;Ge; is not the compound with the lowest effective heat of formation (fig.2) but is the closest
congruent phase to the eutectic meaning the easiest phase to nucleate. The nucleation is the driving
phenomenon in the formation of MnsGe; in the case of the SPE growth mode. Earlier works have
studied the SPE growth of submonolayer to one monolayer thick Mn on Ge(111) [34]. The authors
showed that the first formed Mn:Ge islands are composed of MnsGe; except for any other phase. As
the temperature increases and reaches 740 K, the MnsGe; film starts to decompose and Mni;Geg
starts to form. The growth of a new phase occurs only it reduces the Gibbs free energy of the whole
system. In the experimental range of temperature, diffusion processes are non-negligible. The finite
size of the Mn-rich film compared to the Ge(111) substrate may induce an asymmetric Mn/Ge
interdiffusion profile leading to a Ge enrichment at the interface and thus to Mn;;Ges becoming
more favorable. In order to bring elements of discussion, we can mention that the Manganese
diffusion in Ge(001) substrate is vacancy-mediated with a diffusivity close to the Ge self-diffusivity
(the activation energy is around 2.37 eV) [35]. A low diffusion flux of Mn atoms into the Ge
substrate is thus expected. On the contrary the epitaxial relationship between the MnsGejs thin films
and Ge(111) leads to chains of octahedral interstitial sites along the MnsGes[001] direction i.e.
normal to the surface of the samples [36]. These chains may establish preferential diffusion path for

the Ge atoms from the substrate to the thin film. Previous studies dealt with the sequence of phases
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formation of a Mn film deposited on an amorphous Ge (a-Ge) layer [37]. The comparison between
fig.4 and fig.2 of ref.[37] shows several differences. First the kinetics of the formation of MnsGe; is
faster on an a-Ge layer than on a single crystalline Ge(111) substrate. The faster MnsGe; growth rate
on a-Ge can be explained by the different diffusion paths used by Ge and Mn atoms in a
polycrystalline MnsGe; layer grown on a-Ge where grain boundaries diffusion may take place and
in a monocrystalline MnsGe; layer grown on Ge(111) where the lattice diffusion process is
prevailing. Secondly the range of stability of the MnsGe; phase, before the nucleation of Mny;Ges, is
wider on a Ge(111) substrate (AT = 320 K versus 150 K on a-Ge). Together with the different
diffusion paths, an epitaxial interface offering a low interface energy and few defects is expected to
delay the germination of Mn;;Ges since the phase transformation (nucleation of a new phase)
depends on the induced change in interface energy [29]. Thirdly the MnsGe; dissolution rate is
slower in the case of a Ge(111) layer. As the Mn1;Geg layer is polycrystalline in both cases, the
discrepancy in the rates rather comes from the crystalline quality of the MnsGe; films. We should
note that surprisingly in ref [33], no other phase than MnsGe; is detected even at temperatures as

high as 870 K.

4.3 Thin films thickness and thermal stability of the MnsGes phase

Since the thickness of the MnsGej; thin films is a parameter influencing the magnetic properties of
the film, the phase formation have been examined on two type of samples having tow different
thicknesses [13]. The SPE growth was used to elaborate MnsGe; thin films on Ge(111) substrates
with thicknesses of 20 and 70 nm. The annealing temperature for the SPE growth process was set at
720 K. The formed MnsGe; films were then post-annealed at two different temperatures Trenea: Of
720 K and 970 K during 25 min. XRD measurements and M(T) curves were recorded on each post-
annealed samples and are displayed on figure 5. The XRD measurements of the 20 nm films only
clearly show the Mns;Ge3(002) peaks. The low amount of available matter makes it difficult to detect
usable curves on the whole 20 range. The M;,(T) curves exhibit a similar law of decrease. However
a small plateau on the curve corresponding to the 970 K re-heating can be seen between 100 and
160 K. This indicates the presence of a small quantity of the Mni;Ges phase. Regarding the results
for the 70 nm thick samples, the 2D-XRD maps (not shown here) exhibit partially ring-shapped
patterns meaning the manganese germanide films are polycrystalline. The XRD spectrum of the 720
K re-heated film only exhibits the MnsGe; phase, while the Mn;Geg phase is clearly identified in
the 970 K post-annealed films. The Ms.(T) curves support the XRD observations. The 70 nm / 720
K curve reveals only the MnsGe; ferromagnetic signature while the 70 nm / 970 K is characterized
by the Mn;;Geg anti-ferromagnetic transition at 150 K and lower Curie temperature coming from

the sum of the ferromagnetic behaviour of the MnsGe; and Mn;;Geg phases. The combination of an
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Figure 5: XRD curves and normalized magnetization
recorded on 20 (a-b) resp.) and 70 nm (c-d) resp.) thick
Mn;Ge; films synthesized by the SPE growth mode and
re-heated at 720 and 970 K in order to study the role of
the thickness of the film on the thermal stability of the
phase.

increased thickness and post-annealings is detrimental to the crystallinity of the thin films and to the
MnsGe; phase. A post-annealing tends to lead to the formation of the Mn;;Ges compound which
agrees with a diffusion controlled phase formation. Indeed the thermal treatments entail a diffusive
Ge flux coming from the substrate. Moreover, a previous work have shown that Mn diffusion along
the [111] orientation of Ge is energetically unfavorable [38]. This asymmetric interdiffusion profile
shifts the equilibrium towards Mn;;Ges favorable conditions. However the small proportion of the
Mn;;Ges phase in the 20 nm / 970 K film cannot be explained considering only the diffusion
phenomena. Two points may be contemplated.

First, the difference between the 20 nm and 70 nm series is the annealing time (cf. Fig.1 SPE step 2)
needed to form the MnsGe; phase. This annealing time is longer for a sample thickness of 70 nm, as
there are more Mn atoms to consume and transform into MnsGe;. Hence, the germination of the
Mn;;Ges phase could have already occurred at the MnsGes/Ge(111) interface for the thicker film
during this first annealing step, the growth of the Mn;;Ges phase remaining only during the post-
heating stage. Secondly the free energy AG has a component related to the interfacial energy. As
already mentioned, Ymnscescea1ny is low. According to the thickness and the resulting diffusion flux,
the weighted importance of ywmmscesceainy in AG may lead to the swing of the thermodynamic
equilibrium between maintaining a MnsGe; thin film on Ge(111) with the corresponding interface
energy and forming the Mn;;Ges phase at the interface since AH’vimiices < AH’wmsces for Ge rich

conditions.

5. Conclusion
The EHF model provides a suitable framework to explain the formation of the MnsGe; and Mn;;Ges

phase in the manganese germanide thin films on Ge(111) substrates according to the used growth
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methods. The model takes into account the different factors interplaying at the substrate/thin film
interface. The key parameters of the growth process -substrate temperature, atoms fluxes- highlight
the major role of the diffusion phenomena in the phase formation. The selection of the growth
method -SPE, RDE or co-deposition- enables to control the phase formation of the manganese
germanide thin films. In the case of the SPE, In situ X-ray diffraction shows a sequential formation
of the phase. MnsGes; is the first formed phase, driven by the nucleation process. Then the diffusion
phenomena shift the equilibrium, allowing the subsequent formation of Mn;;Ges by consuming
MnsGes. A comparison with a previous work dealing with the SPE growth on an a-Ge layer and the
study of the effect of the film thickness show the role of the interface on the stability of the MnsGe;
phase. The epitaxy of MnsGe; on Ge(111) expands the range of the thermal stability of this phase
which is a key point for a potential use of MnsGe; as a ferromagnetic metallic contact for spin

injection.
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