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Aix-Marseille Université, CNRS, CINaM UMR 7325, 13288, Marseille, France.

Charles-Emmanuel Dutoit∗
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Aix-Marseille Université, CNRS, CINaM UMR 7325, 13288, Marseille, France.

Mathieu Stoffel∗
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Abstract

C-doped Mn5Ge3 compound is ferromagnetic at temperature up to 430 K. Hence

it is a potential spin injector into group-IV semiconductors. Segregation and

diffusion of Mn at the Mn5Ge3/Ge interface could severely hinder the efficiency
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of the spin injection. To avoid these two phenomena we investigate the growth of

Mn5Ge3 and C-doped Mn5Ge3 films on Ge(111) substrates by molecular beam

epitaxy at room-temperature. The reactive deposition epitaxy method is used

to deposit these films. Reflection high energy electron diffraction, X-ray diffrac-

tion analysis, transmission electron microscopy and atomic force microscopy

indicate that the crystalline quality is very high. Magnetic characterizations

by superconducting quantum interference device and ferromagnetic resonance

reinforce the structural analysis results on the thin films quality.

Keywords: Epitaxial growth, Low temperature, Reactive deposition epitaxy

(RDE), Molecular Beam Epitaxy (MBE), Mn5Ge3, Ferromagnetic resonance

(FMR)

PACS: 81.15.Hi, 81.05.Bx, 8.35.Ct, 61.05.cp, 68.37.Lp, 76.50.+g, 75.50.Cc

1. Introduction

During the last decade a great deal of effort has been devoted to the con-

trol of electron spins in semiconductor devices. Indeed semiconductor spin-

tronics is believed to be a promising solution to develop beyond scaled metal-

oxide-semiconductor devices. These components would offer several advantages5

as nonvolatility, lower electric power consumption, increased data processing

speed and integration densities [1]. The realization of practical spintronic de-

vices requires an efficient electrical injection of spin-polarized electrons from a

ferromagnet into the conduction band of a semiconductor, a subsequent spin-

polarized detection as well as an effective manipulation of spin in the semicon-10

ducting channel. Furthermore, the devices should be highly compatible with the

already-existing silicon-based technology for easy technological implementation.

A perfect control of the growth process of the materials layers and the interfaces

between these layers will be required to manufacture efficient spintronic devices.

Among other suitable materials Mn5Ge3 presents all the prerequisite crite-15

ria necessary in spin devices: it is a well known ferromagnet with a magnetic

ordering persisting up to the room temperature (TC = 297 K) [2], with an ex-
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perimental spin polarization of P = 15±5% [3], and it has been demonstrated

that Mn5Ge3 thin films could be grown epitaxially on a Ge(111) with the follow-

ing orientation: Mn5Ge3 (001)//Ge(111) with [100] Mn5Ge3//[1-10]Ge, without20

the formation of any other phase [4, 5]. Moreover the value of the Curie tem-

perature can be tuned in the range of 297-430 K by doping the Mn5Ge3 layers

by a carbon concentration Cx between x = 0 and 0.7. Such an enhancement has

been explained due to MnIIMnII interactions mediated by carbon incorporated

into interstitial sites of the Mn5Ge3 lattice [6]. The crystalline structure and25

the epitaxial relationship between the Mn5Ge3Cx film and Ge(111) surface are

not modified by the carbon doping. Usually the Mn5Ge3 and Mn5Ge3Cx films

are grown by the so-called solid phase epitaxy (SPE) method which requires the

co-deposition of Mn and C layers followed by annealing between 600 K and 920

K to activate the diffusion process.30

Using the Mn5Ge3Cx/Ge heterostructure in the spintronic devices will re-

quire the investigation of the spin-polarized injection into germanium from the

Mn5Ge3Cx. Even though very recently spin transport has been demonstrated in

Mn5Ge3/Ge/Mn5Ge3 nanowires [7, 8], spin transport in Mn5Ge3/Ge/Mn5Ge3

thin films has to be studied. Because of the poor quality of germanium ox-35

ides, very few studies report their use as an efficient tunneling barrier [9]. This

drawback leads to the spin injection into Ge directly from Mn5Ge3Cx thanks

to the tunneling effect through a narrow width Schottky barrier. The electrical

properties of the Mn5Ge3Cx/Ge(111) Schottky contacts have been investigated

in previous works giving a Schottky barrier (SB) height between 0.30 and 0.5640

eV [10, 11]. The value of the SB width can be tuned in order to reduce Fermi

level pinning at the interface by creating an ultrashallow and ultranarrow high

doped layer at the vicinity of the Mn5Ge3Cx/Ge(111) interface [12, 13]. Thus

the growth process of the Mn5Ge3Cx on the Ge(111) should preserve the ultra-

shallow layer. This might not be the case with the SPE method since it needs an45

annealing to form the Mn5Ge3Cx compound which can damage the high doped

layer because of dopants and/or Mn diffusion [14].

In this article we propose a room temperature (RT) reactive deposition epi-
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taxy (RDE) method for the C-doped Mn5Ge3 deposition that allows to grow

high crystalline quality films with abrupt interface on Ge(111). Low temper-50

atures are indeed often used to reduce the segregation, diffusion, intermixing

and island formation during growth processes of various materials like IV and

III-V semiconductors or oxides [15, 16, 17, 18, 19, 20]. We have first focused

on the early stage of the C-doped Mn5Ge3 thin films deposition by follow-

ing in-situ the intensity of the patterns of the reflection high-energy electron55

diffraction (RHEED). We have then combined X-ray diffraction (XRD) and

transmission electron microscopy (TEM) to assess the crystalline quality of the

thin films. The crystallinity was eventually corroborated by magnetic charac-

terizations such as superconducting quantum interference device (SQUID) and

ferromagnetic resonance (FMR).60

2. Experimental details

2.1. Growth process and in-situ RHEED monitoring

Mn5Ge3 and Mn5Ge3C0.2 thin films were grown by MBE (molecular beam

epitaxy) on Ge(111) substrates by means of conventional Ge and Mn Knudsen ef-

fusion cells and a carbon sublimation source (SUKO) from MBE-Komponenten.65

The base pressure of the MBE chamber was 2.7×10-8 Pa. Prior to deposition

of the thin films, the Ge substrates were chemically cleaned before introduction

into the MBE chamber. Then the second part of the cleaning process consisted

of an in-situ thermal outgassing at 720 K for several hours followed by flashed

annealing up to 1020 K to remove the Ge surface oxide. After this process the70

Ge(111) surface was checked by RHEED with a beam acceleration voltage of

30kV and exhibits a quite well defined c(2×4) reconstruction. A 15 nm thick Ge

buffer layer was then deposited at a substrate temperature of 770 K followed by

an annealing at 970 K during 10 minutes to insure a good starting surface prior

to the growth of the Mn5Ge3 layers. These last steps were also monitored by in75

real time RHEED to control the quality of the Ge(111) surface. Mn5Ge3 and

Mn5Ge3C0.2 thin films were formed by co-deposition of Ge, Mn and C at room
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temperature on the Ge buffer layer. Cell fluxes were carefully calibrated using

RHEED oscillations and a quartz microbalance to achieve the right stoichiome-

try of the layers. The growth was monitored in situ by RHEED, the formation80

of the Mn5Ge3 and Mn5Ge3C0.2 layers being confirmed by the observation of

the (
√

3×
√

3)R30◦ reconstruction characteristic of a Mn5Ge3 film [5, 21].

2.2. Structural and topological characterizations

X-ray diffraction data were collected using a Panalytical XPert PRO diffrac-

tometer with non-monochromatic CuKα1 radiation (λ = 1.541 Å). Data were85

collected over a 2Θ range of 22-92◦ with a step size of 0.004◦. Transmission

electron microscopy (TEM) investigations were performed at an accelerating

voltage of 300 kV on a JEOL JEM-3010 instrument with a spatial resolution

of 1.7 Å. Cross-sections samples were prepared with a precision ion polishing

system (PIPS). The topographies of the samples were imaged by atomic force90

microscopy (AFM) with a Nanoscope IIIA Multimode from Digital instruments

on a 6×6 µm2 area.

2.3. Magnetic properties

The magnetic characterization of Mn5Ge3 and Mn5Ge3C0.2 have been per-

formed using a SQUID magnetometer Quantum Design MPMSXL working up95

to 5T. Ferromagnetic resonance measurements were carried out on a conven-

tional Bruker EMX spectrometer working at X band (9.39GHz). Samples of

2×2 mm2 were glued on quartz suprazil rode and cooled from room tempera-

ture down to 80K. The static magnetic field was aligned perpendicular to the

field. A modulation of the static field of 5 Oe at a frequency of 100 kHz is used100

with a lock in amplifier to increase sensitivity and record the derivative of the

FMR signal.
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3. Results and discussion

3.1. Structural analysis

We have deposited Mn5Ge3 and Mn5Ge3C0.2 thin films of total thicknesses105

of 300 nm. The growth rate of these films was 1.4 nm/min. It is well estab-

lished that epitaxial Mn5Ge3 films on Ge(111) exhibit a (
√

3×
√

3)R30◦ surface

reconstruction with Mn termination [21]. The RHEED observation of such a

reconstruction consists in 1×1 streaks along [-110] azimuth and additional 1/3

and 2/3 ordered streaks between the 1×1 streaks along the [11-2] azimuth. The110

RHEED technique thanks to its grazing incidence, allows to instantaneously re-

veal not only the change in the surface morphology but also the surface structure

during film growth and it is the proper tool to probe the very first deposited

atomic layers of an epitaxial growth [22]. We followed the evolution of the

RHEED pattern versus deposition time of Mn, Ge and C atoms on the Ge(111)115

starting surface. This evolution is displayed on fig.1 for the Mn5Ge3C0.2 film.

Fig.1 A) shows the RHEED picture of the Ge[-110] azimuth of the Ge(111)

starting surface. Sharp streaks and Kikuchi lines indicate a flat and ordered

Ge surface. Fig.1 B) corresponds to the RHEED just after the beginning of

the deposit: the Ge(111) surface features are disappearing and the background120

intensity slightly increases. On fig.1 C) streaks of the Mn5Ge3 (
√

3×
√

3)R30◦

surface are appearing and sharpening as the film thickness increases indicating

a 2D growth mode and a flat growth front. Fig.1 D) corresponds to the RHEED

pattern at the end of the 300 nm thick deposit. The first Laue region is visi-

ble at the bottom of the picture proving a high surface quality. Tapping mode125

AFM images (not shown here) taken ex-situ after the complete deposition of

the 300 nm thick films show flat surfaces with small RMS roughnesses of 1.28

nm and 2.17 nm for the Mn5Ge3C0.2 and Mn5Ge3 thin films respectively. From

these RHEED and AFM observation, the deposition at RT of the Mn5Ge3 and

Mn5Ge3C0.2 thin films occurs in 2D growth mode. We have followed the inten-130

sity of the RHEED pattern versus deposition time along the white line shown on

fig.1 A). The inset on this figure give an example of this intensity profile along
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Figure 1: Characteristic RHEED patterns recorded during the growth of the Mn5Ge3C0.2

thin film. A) pattern of the Ge(111) surface (inset: intensity profile of the RHEED image

along the white horizontal line), B) pattern below 2 nm thick, C) pattern at a thickness of 4

nm and D) pattern at the end of the growth corresponding to a thickness of 300 nm. The white

vertical line is a guide for the eyes positioned along the second 1×1 streak on the Ge[-110]

azimuth of the Ge(111) surface.
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Figure 2: Evolution of the streak shift ds defined on fig.1 A) versus the thickness of the

deposition. Letters A), B), C) refer to the RHEED patterns of fig.1.

this line in the case of the cleaned Ge(111) surface in the Ge[-110] azimuth. The

length ds defined also on fig.1 A) is measured between the specular and second

1×1 streaks. It was converted from pixels to angstroms using the streaks of135

Ge[-110] azimuth as length reference. The variation of ds for the first 4 nm of

the deposit is reported on fig.2.

The letters above the x-axis correspond to the different diffraction images in

fig.1. The lattice length ds evolves rather quickly from its value on a Ge(111)

surface to the value of thick Mn5Ge3C0.2 (0001) oriented films. The error bars140

express the sharpness of the diffraction streaks used to calculate ds. We observe

that the streaks remain blurry till 3 nm as the increase of the range of error

bars proves it. It means that the C-doped Mn5Ge3 film is formed and relaxes on

the Ge(111) surface over a transition layer of less than 3 nm thick. This value

could be compared to the thickness of the ferromagnetic dead layer evaluated in145

our previous work (fig.2 in ref [23]) which was extrapolated to 1.7±0.3 nm but

further analysis are required to determine the nature of this interfacial layer as

well as its magnetic properties. The last value of ds - 4.19 Å at a thickness of

4.2 nm - is very closed to the bulk lattice parameter of undoped Mn5Ge3 which

is 4.15 Å. The slight difference may arise from two likely explanations: on one150

8



Figure 3: Colour online. a) Mn5Ge3 lattice with the two Mn sub-lattices in two different col-

ors. b) carbon atom in the interstitial site of the Mn5Ge3 lattice formed by MnII octahedron.

c) TEM cross sectional image of a Mn5Ge3 thin film showing an atomic flat interface.

hand we measured the lattice shift from the digitalized profile of the RHEED

intensity with an accuracy of hundredth angstrom even though the resolution of

the aforesaid profile is limited by the size of pixels, on the other hand our value

of ds regards a Mn5Ge3C0.2 films: carbon atoms are introduced in the intersti-

tial site of the Mn5Ge3 lattice which can induce an expansion of the in-plane155

lattice parameter (fig.3 a) and b)) [6].

The TEM picture displayed in fig.3 c) is a typical cross section of the Mn5Ge3

and Mn5Ge3C0.2 thin films grown on Ge(111) substrates. The interface is atom-

ically sharp and the well resolved lattice planes extending throughout the whole160
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Ge[111] Mn5Ge3 [0002] Mn5Ge3 [0004] Ge[333]

Mn5Ge3 0.04◦ 0.04◦ 0.10◦ 0.07◦

Mn5Ge3C0.2 0.04◦ 0.21◦ 0.29◦ 0.07◦

Table 1: FWMH in degrees of the XRD 2Θ scans peaks of the Ge(111) substrate and Mn5Ge3

and Mn5Ge3C0.2 thin films

image reveal a high crystalline quality of the overgrown layer. We should men-

tion that we did not observe threading dislocations even on TEM images of a

larger scale although the lattice mismatch between the Mn5Ge3 and Mn5Ge3C0.2

layers and the Ge(111) substrates is 3.7%. This was also the case for the SPE

growth process [5].165

The XRD 2Θ scan displayed in fig.4 a) was recorded on a Mn5Ge3 film with

a thickness of 300 nm. The scan presents the Ge[111], [222] and [333] peaks

related to the Ge(111) substrate and only the (0002) and (0004) reflections

of the Mn5Ge3 film corresponding to the bulk parameters. These peaks are170

doublets because of the CuKα1 and CuKα2 wavelengths, our XRD apparatus

being not equipped with a monochromator. The other smaller peaks come from

the CuKβ and the CuKα1/2 radiations. We did not observe any other phase

even if Mn5Ge3 is not the most thermodynamically stable one according to

the Mn-Ge phase diagram [24] and different phases such as Mn11Ge8, Mn3Ge,175

Mn5Ge2 have been obtained in the case of growth of MnxGey thin films on

various substrates [25, 26]. Such a phenomenon was already noticed for the

SPE method and was attributed to the epitaxial stabilization of the Mn5Ge3

phase on the Ge(111) substrate, both being of a threefold symmetry [5]. Fig.4

b) shows a zoom on the regions of the (0002) and (0004) reflections with a set of180

two peaks recording on the Mn5Ge3 film already presented in fig.4 a) and on a

Mn5Ge3C0.2 film. Both films have a thickness of 300 nm. The full width at half

maximum (FWHM) of the different peaks resulting from the CuKα1 wavelength

are summed-up in table 1.

From these values we observed that the crystallinity of the films is good which185
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Figure 4: a) XRD 2Θ scan of a 300 nm thick film of Mn5Ge3. b) Zoom of XRD 2Θ scans of

Mn5Ge3 and Mn5Ge3C0.2 thin films around the Mn5Ge3 [0002] and [0004] peak positions.
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confirms the RHEED and TEM results. However it seems that the addition of

carbon affects the crystalline quality. Looking at the peaks position in fig.4 b)

and using Bragg’s law, we calculated the lattice parameters along the c axis

of both films. The estimated disparity is 0.046 Å which means that there is

a compression shift of about 1% between the Mn5Ge3 and Mn5Ge3C0.2 films.190

This shift can be assigned to the variation of the lattice volume induced by

the carbon atoms in the interstitial sites of the Mn5Ge3 lattice. The RHEED

data (fig.2) have shown an in-plane expansion of the lattice which seems to be

counterbalanced by this lattice shrinking along the Mn5Ge3 (0001) axis. In

ref. [6], Slipukhina et al. calculated the increase of the MnII -MnII atomic195

distance after introduction of carbon atoms in these interstitial sites and found

a variation of 2.8%. This theoritical value on the MnII -MnII atomic distance is

rather consistent with our results regarding the whole lattice alteration. To be

complete Gajdzik et al. observed a lattice compression in each direction (0.7%

and 1.1% along the a and c axis respectively) caused by the incorporation of C200

in Mn5Ge3Cx thin films prepared by sputtering at 680 K [27]. The difference

between these results and our observations is assumed to come from the growth

processes.

3.2. Magnetic characterizations

Magnetization measurements have been performed on Mn5Ge3 and Mn5Ge3C0.2205

films of 15 nm thickness. The saturation magnetization (Ms) has been estimated

to be 1000 emu/cm3. These values are highly dependent on the knowledge of

the thickness of the films. However we did not notice a significant variation

of Ms with carbon concentration, which remains at 1000±100 emu/cm3 in the

range of values generally observed in bulk [28] or layer [23] Mn5Ge3Cx.210

The temperature dependence of the saturation magnetization measured in an

applied field of H=1.0 T for different carbon concentrations is presented in figure

5. In order to compare the influence of the RT-RDE method on the magnetic

properties of the Mn5Ge3Cx, we added Ms(T ) curves measured on Mn5Ge3Cx

samples grown by the SPE method [29] with various carbon concentrations:215
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x=0, 0.25 and 0.6. In the case of this method, the carbon concentration C=0.6

gives the highest Curie temperature at 430 K. Without carbon, no significant

discrepancy is found. For low carbon concentrations, the shapes of the Ms(T )

curves slightly differ since the curve of the SPE x=0.25 sample has a rather

broad tail towards the high temperatures. The Curie temperature is higher in220

the case of the RDE x=0.2 sample (Tc=399 K) than in the case of the SPE

x=0.25 sample (Tc=345 K). These observations are explained by the fact that

the homogeneity of the distribution of carbon atoms is greatly enhanced by the

RDE growth process compare to the SPE one leading to an improvement of the

magnetic properties. To confirm this fact, the magnetizations of the Mn5Ge3225

and Mn5Ge3C0.2 RDE samples are plotted versus the temperature normalized

by the Tc of each sample (Tc(Mn5Ge3)=296 K, Tc(Mn5Ge3C0.2)=399 K) in

the inset of fig.5. The curves are perfectly superimposed asserting the good

homogeneity of the carbon distribution in the Mn5Ge3C0.2 film resulting from

the RDE growth mode. It is known [27] that the ferromagnetic MnII -MnII230

coupling is enhanced by hybridization through the carbon. A high homogeneity

of carbon improves the efficiency of hybridization and increases Tc.

Ferromagnetic resonance (FMR) has been recorded on thin films of Mn5Ge3

and Mn5Ge3C0.2. The FWHM is presented in figure 6. For the carbon free235

system (x = 0) at room temperature, the linewidth is large but quickly decreases

when decreasing the temperature and reaches an almost constant value of about

7.5 mT when T < 270 K. This is due to the phase transition of Mn5Ge3 from

the paramagnetic phase to the ferromagnetic one at RT. The fluctuation of

the magnetization while crossing Tc dramatically increase the linewidth. For240

Mn5Ge3C0.2, the Curie temperature is much higher with a value estimated at

about 399 K and has no effect on the linewidth in the range of temperature we

probed. FWHM is stable, decreasing from 3.5 mT at room temperature down

to 2.5 mT at 100 K.

The linewidth of the FMR uniform mode is directly related to the intrinsic245

quality of the sample. It reflects the intrinsic magnetic damping (homogeneous
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Figure 5: (colour online) Normalized magnetization versus temperature for Mn5Ge3 and

Mn5Ge3C0.2 samples grown by RDE (applied field H=1.0 T) and for Mn5Ge3Cx samples

(x=0, 0.25, 0.6) grown by SPE (data from fig.2 [29]). Inset: Normalized magnetization versus

T/Tc for the RDE samples.

broadening) and the film inhomogeneities (inhomogeneous broadening) due to a

wide variety of parameter variations (film thickness, surface anisotropy, applied

field etc.). FMR of Mn5Ge3 has been studied in the past [30] showing a linewidth

of many hundreds of mT. The samples grown by SPE do not exhibit clear FMR250

signal. The sharpness of the FMR linewidth of Mn5Ge3 and Mn5Ge3C0.2 grown

using the RDE method is a clear evidence of the high quality of the sample and

the great improvement of the growing method.

4. Conclusion

We have demonstrated the reactive deposition epitaxy of Mn5Ge3Cx on255

Ge(111) substrates at room temperature. Mn5Ge3Cx thin films up to 300 nm

thick were grown. Structural analysis were performed on these films using vari-

ous characterization means. The crystallinity was proved to be of good quality

with no threading dislocation. The interfaces between the Ge(111) substrates

and the Mn5Ge3Cx films were atomically sharp and the films surfaces remained260

smooth during the growth process. Magnetization versus temperature measure-
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Figure 6: Temperature dependence of the FMR full width at half maximum of Mn5Ge3 and

Mn5Ge3C0.2. The magnetic field is set perpendicular to the film and the microwave frequency

was 9.4 GHz. The inset is an example of FMR signal of Mn5Ge3C0.2 recorded at 300 K.

ments confirmed the values of the Curie temperature of being similar to those

usually found for Mn5Ge3Cx thin films. Moreover very sharp FMR spectra with

a FWHM below 7.5 mT were recorded which is a very significant evidence of

the high quality of the thin films grown by our RDE method.265
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