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Abstract: We reportthe synthesiof a room temperature ferromagnetic 1@ system
obtained by simple deposition of manganese on Ge(d@dated at relatively high
temperaturdstarting with 250 €) The sampleserecharacterized by low energy electron
diffraction (LEED), scanning tunneling microscopy (STMjigh resolution transmissio
electron microscopy (HRTEMX-ray photoelectron spectroscopy (XP8)perconducting
guantum interference device (SQUIRjd magnetmptical Kerr effect (MOKE). Samples
deposited at relativglelevated temperature (350 €) exhibited the formation-6if8 nm
diameterMnsGe; and Mni1Ge; agglomerates byiRTEM, while XPS identifiedat least

two Mn-containing phaseshe agglomerates, together wahserich MnGe, s phase, or
manganese diluted into the Ge(001) crydt&®lED revealed the persistence of loramge
order after a relatively high amount of Ma00 nm)deposited on the single crystal
substrate STM probed the existence of dimer rows on the surface, slightly elongated as
compared wh Gé& Ge diners on Ge(001)The films exhibited a clear ferromagnetism at
room temperature, openirtge possibility of forming a magnetic phase behind a nearly
ideally terminated Ge surface, which could find applications in integration of magnetic
functionalities on semiconductor less SQUID probed the cexistence of a
superparamagnetic phaseith one phase which may be attributed to a diluted magnetic
semiconductorThe hypothesis that the roonmiperature ferromagnetic phase might be
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the one with manganese diluted into the Getalys formulated and discussed.

Keywords: molecular beam epitaxy (MBE); MGe ferromagnetism; low energy electron
diffraction (LEED); scanning tunneling microscopy (STM); high resolution transmission
electron microscopy (HRTEMX-ray photoelectron speoscopy (XPS); magneto optical
Kerr effect (MOKE);superconducting quantum interference device (SQUID) magnetometry;
diluted magnetic semiconductors (DMS)

1. Introduction

Diluted magnetic semiconductors (DM&ve beenvidely studiedfor more than twalecadesand
amongst these systems Mh®&; « is @ promising candidate owing to its high Curie temperdgtu&].
Surface science techniques often sedcen stabilizing metastable phases of manganese with
ferromagnetic propertid8i 5]. Solid state compousdsuch as MnGe,, Mn11Ges, MnsGe,, MnsGes,
Mn3Ge, are known to dat¢6], of which only MiGe; has beerreported to be ferromagnetic. This
compound seems to be the origin of the detected ferromagnetism iGeMdiluted magnetic
semiconductorg7i 9]. Hence,despite the relative success in stabilizing ferromagneticbdéed
phases on Ge(111%,5,7,8,10] it is highly desirable to find a simpler route ggnthesizealmost
macroscopic Mibased compounds, possibly richer in germanium in order to provide l¢aBiane
character and to be more appropriate for integration witlaSecdelectronics.

Some recent reports demonstrated enhanced magnetic progetébsby thermal effectq11],
therefore annealing to promote Mn interdiffusion with Ge could be a V#dichative to provide more
DMS-like compounds. Even superparamagnetic ®&compoundgl2] could be very appropriate for
applications in magnetic sensors directly integrated on semicondydfordNote also thatan
interesting surface for technology is G@1), whereashe majority ofstudies thahavesucceededh
stabilizingMn-based ferromagnetic compourstsfarproceeded with the Ge(111) surface.

The soundest recent reports of room temperature ferromagnetism on Ge(001) based system:
occuredviadis ub s ur f ac tmethod subspquentatoctlyeaepositodinalf a monolayer of Mn
on Ge(001)[5]; however, in thislast case the relatively low Mn content obtained (about 0.25%)
precludes further applications in m&gjo devices. The synthesis of a-@eh phase tMnGe) was
also achieved, organized in nanocolumns, providi@yae temperature over 400 [K3]. A previous
work on such columnar structures did not sucdeesynthesizingroom tempeaiture ferromagnetic
material [5,14], which points out thejuite delicate conditions required using ceevaporation of
manganese and germanium on Ge(001) in order to achieve robust magnetism.

A simpler route for synthesizing such magnetic systems is theallal fi s o Iphask
e pi t[82X)ywhereMn is simplydeposited on Ge single crystals either at room temperature, with
subsequent annealingy, directly at a more elevated temperature. So far, relsaite beemeported on
Ge(111) surfacept, 15 18]. A MnsGes-induced superstructure off(% x 4/3)R 30° was observed by
reflection high energy electron diffraction (RHEED) [A,15], and by low energy electron
diffraction (LEED) in [16], whereas all references exhibit a strong decrease of the saturation
magnetization near room temperature. Nevertheless, room temperature ferromagnetism was reported i
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referenceg$9,16,18]and a weak magnetic moment at room temperature seems also twioegby
the studies reporteth reference[15]. Comparatively, there are no reports on surface structure or
eventual reconstructions, nor on magnetic properties for Ge(001) subject to solid phase epitaxy, despite
the fact that this surface is similar anthy be connected to the technologically important Si(001)
surface. In this work, we report on LEEAhd scanning tunneling microscopy (STbBservations
together withmagneteoptical Kerr effect (MOKE)and superconducting quantum interference device
(SQUID) measurements on Ge(001) subject to Mn deposition at relatively high temperatures
(2501 350 €). Below 250 € substrate temperatures, no room temperature ferromagnetism is detected.
The preservationof the GeQ01) surface upon deposition of a considerable amount of Mn (the
equivalent of 100 nm of bulk manganese) is observed, togethea Wthomagnetic hysteresis loop at
roomtemperature.

X-ray techniqgues onMnGe systemshave beenapplied extensively duringecent years
(&) Mn L,zedges X-ray absorption(XAS) and Xray magnetic circular dichroisnfXMCD)
for deriving magnetic momentd4,9,10,17,19] and (b) X-ray photoelectron spectroscopy
(XPS)[4,5,8,9,17] In our contribution, we present a detailed asayby curve fitting oiXPS datafor
Mn grown on Ge(001), in a quite similar waythatpresented for Ge 3d meferencd17]. In addtion
to the Ge 3d level, thétting of the Ge 2p and Mn 2p levels will be discussdthese analyseare
directly correhted with the ocauence of room temperature ferromagnetisntheMn-Ge(001) layers
observedand with high resolution transmission electron microscopy (HRTEM) observatidrsh
alsopointto the formation of nanoscopic M@e; agglomerates in this case.

2. Results and Discussion
2.1.Low energ)Electron Diffraction(LEED)

Figure 1 presents LEED patterns obtained on clean Ge(001) and after depositing the equivalent of &
100 nm thick bulk Mn layer on the substrate held at 350 €. It is now clear that beesutface
Ge(001) reconstruction subsists after Mn deposition. The LEED patterns obtained in the low energy
regime are practically the same for Ge(001) and MnGe(001); only at higher electron kinetic energy
(above ~ 150 eV) is the LEED pattern of MnGe(08d&yraded with respect to the patterns obtained on
clean Ge(001). Therefore, the first conclusion is that MnGe(001) samples present a high degree of
crystallinity, quite similar to that of Ge(001). This is one of the few reports to our knowledge where a
quite thick metal film is deposited onto a semiconductor and preserves its crystal structure and even its
surface reconstruction. In the case of high temperature depasfiteon Si(001) 2  1(1 xR))by
using exactly the same setup, the LEED pattemsts starting with 1 nm of Fe thickng26,21} in
the case of Sm/Si(001), a broad LEED pattern subsisted up to about 3.5 nm of Sm dg&H2R¢d
case closer to the present one was presented by Fe deposited in Ge(001) by keeping the substrate
high temperature (500 €)24], where the (1 x1) LEED pattern of Ge(001) subsisted after 2 nm of Fe
deposited; however, without providing also th:¢
taking into account all of the previous experiments,caa sy that the observation of a Ge(001)
surface quite similar to clean Ge(001), after a high amount of Mn deposited, is a new result. This
suggests the strong migration of manganese atoms inside the Ge(001) single crystal.
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Figure 1. Low energy electrordifraction (LEED) patterns for Ge(001) on the panels
above and for Mn deposited on Ge(001) at 350 € (parsdtow). Each image is indexed
with the energy of incoming electrons. For better clarity, negative images of the true LEED
photographs are displayeThe (1x 1), (2x 1) and (1x 2) spots are highlighted on one
LEED image for clean Ge(001).
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2.2. Scanning Tunneling Microscopy

To gain more insight on the surface structure, STM images were taken on clean Ge(001) and on the
sample obtained by a largenount (equivalertb a 100 nm film with bulk density) of Mn deposited at
350 €. Figure 2 present two such scans. Thé Ge asymmetric dimers, separated by 2.48% are
visible on the clean Ge(001) surfd@®,27] Dimers are visible also on the sudaabtained after Mn
depositiondiffusion into the Ge(001) single crystal. Nevertheless, it seems that the interatomic
distance in the dimers increases (it was measured as 3.47 A) towardsitBe @istance for an
unreconstructed Ge(001) surface (aboutA).0However, these dimer rows are sufficient to provide
the (2x 1) ( A 2) reconstruction of the Ge(001) surface, as detected by LEED. Note also that
repeated STM scans proved a high degree of homeitgeand a relative flat surface after
Mn deposition.

Figure 2. Scanning tunneling microscopy (STM) images obtained at a tip voltage of
+150 mV (emptystates images)on (a) clean Ge(001) andb) after the deposition of
100 nm Mn at 350 €. The scanned area i838nnf in both cases.
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2.3. HighResolution Transmission Electrdficroscopy

In a cross specimen, prepared for a substrate temperature of 350 €, randomly distribyi&dsMn
sphericalprecipitates, as identified by selected area electron diffraction (SAED), with sizes ranging
between %and 8 nm, are clearly visiblé=jgure3).

Figure 3. Cross sectiomigh resolution transmission electron microscopy (HRTHivgge
of molecular beam epitaxy (MBEJInGe layer deposited at 350 C.

The associated fast Fourier transform (FFT) of a plane vietheo same specimen (Figure 4)
reveals lattice spacings amounting to 0.345 nm, 0.327 nm and 0.191 nm, which corresponGé Mn
(240), (400) and (640), respectively. These values are in excellent agreement with the corresponding
theoretical distances 3.40, 3.30, and 1.92 A, respectively, for the orthorhombiGdvlnompound,
with unit-cell parametersa= 13.20 A, b = 15.88 A and = 5.09 A[28,29] To further confirm the
spherical precipitates belonging to the Mbe; phase, the crystallographic angles between the above
mentioned atomic planes were measured and the results also fitted perfectly with the theoretical angle:
of this phase. Also, some clusters exhibit {640} planes identified by the interplanar distances of
0.191 nm (Figure 3). A zone axis pattern of (001) Ge is also present in the same FFT image shown by
strong intensity spots (200) and (020). The crystallographatioaship between the MiGe; cluster
and the Mn doped Ge matrix can be determined aBRQse|[(001)se Which has not been reported
until now. In a recent papdB0], no particular crystallographic orientation with respect to the Ge
matrix was infered for orthorhombic MnGes.
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Figure 4. The associatethst Fourier transform (FFTpattern to a plane view of MBE
MnGe layer deposited at 350 € (open cirdeSe matrix;squard Mn;;Ges).

In another crossectionHRTEM image (Figire 5a), one can observyarecipitates between &nd
10 nmwith a dark contrast and a Micth phase formed near the surface during the film growth when a
threshold Mn concentratiowasreached31]. Some precipitates have (202) lattice planes parallel or
normal tothe macroscopicsurface. Energy dispersive-tdy (EDX) analysis yields a Mn content
around 5% whereas the Mn content in the matrix was found to be less than the detection limit of 1%.

Using the FFT imageH{gurebb) of the cluster crystal phase, showrFigure5a, we canconclude
that it represents a reciprocal lattice section H#EP MnsGe; in the [10] beam direction.The
interplanar spacings dfie reciprocal lattice points indexedRigure4b are 6.20, 5.08 and 3.90 A, for
the planesl00, 001, andlO1, respectivelyThese values are in a very goadreement with the
corresponding theoretical distand@®2, 5.05 and 3.92 A, respectively, for the §8a; compound,
with unit-cell parametersa=b = 7.18 A andc = 5.05 A[32].

It is well known that the most stable phases Mn-Ge alloys are ferromagnetic metals:
Mn;Ges(Tcd 270 K)Gedlsa Mh6 K). We must mention tha
MnGe layers prepared by MBE or in ion implanted MnGe films only thes;Gén
compound[12,33 37] but there are a few papers which have identified both of theGdnand
MnsGe; crystal phaseR9,30,38 40].



Materials2014, 7 112

Figure 5. (a) Cross section HREM image of an area of MBE MnGe layer deposited at
350€ and(b) the associated FFT pattern showing the presehibinsGe; (electron beam
direction[10]).

24. X-ray Photoelectron Spectroscopy

The samples were analyzed byray photoelectron spectroscopgingone of the best resolutions
achievable outside synchrotron radiation eesigwell below 1 eV full widthat half maximum certified
on standard samples, see the Experimental sedfimuye6 presents the XPS data) Ge 3d (b) Ge2p
and (c) Mn 2p. Ge 3p and Mn 3p core levels were also measured,igmusdionof them isnot
undertaken here. The clean Ge(001) core levels were simulated with three components, one for the
bulk Ge, one for subsurface Ge atoms and one éodierg17,41] This isthe first time thaboth Ge
3d and Ge 2p specttamve beerused in a composdnal analysis of MiGe systemsFor Ge 3d, the
spinorbit splittingwasfound to be 0.585 +0.001 eV, practically the same agference$l17,42] and
the branching ratio deviates slightly from its statistical value of 1.5, being 1.595 + 0.005. Such
deviations may arise from a wide variety of factors, including ptlettiron difraction effectg43].
For Ge 2p, the spiorbit splitting obtained is 31.046 £0.003 eV and the branching ratio is quite close
to its statistical value of 2. The integral amplégdand binding energies are summarized in Table 1.
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Figure 6. X-ray photoelectron spectroscopy (XPS) res@#sGe 3d core levelspj Ge 2p

core levelsand (c) Mn 2p core levels. Foraf and ), the spectra obtained on a clean
Ge(001) (2x 1) are also represented. All spectra are fitted by using Voigt doublets and
integralinelastic backgrounds (sélee Experimental sectioior details). Inserts inb) are
detailed regions of the Ge zjcore level.
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reconstructed Ge(001), the central component (1) at 29.413 eV is the bulk compogrent, th
component (3) at lower binding energy (28.820 eV) corresponds to tlee afgm of the buckled
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dimer, which is slightly negatively charged because it has a dangling bond, whereas component (2), of
higher binding energy (29.829) is attributed to the lower atom of the buckled dimer and eventually also
to atoms from the subsurfadayer. The data interpretation is similar to that of refer¢h¢g The
same attribution is inferred also for the three components of the Ge 2p spectrum. The intensity ratios
between components (2) and (3) to the bulk component (1) is roughly the rsamely the ratio
between component (3) and the bulk component (1) goes from 3.8% to 5.4% from Ge 3d to Ge 2p,
which is understandable, since Ge 2p elerdvave lower kinetic energy 70 eV compared
to ~1460 eV) and are more surface sensifd4]. Theinelastic mean free path (IMFP) for Ge 2p is
around 79 A, and for Ge 3d it is about 168 A[45,46]

By taking together the data for clean Ge(001), it seems that more reliable results might be obtained
from Ge 3d than from Ge 2p when investigating thd Ipnbperties, and by using Ge 2p when dealing
with surface properties. Sometimes, one has to take into account also the fact that chemical shifts are
larger for the Ge 2p core level than for Ge 3d. The only drawback in using Ge 2p levels is that, when
working with Al Ky monochromatic excitation, one has to ensure that the sample is not at all
contaminated with carbon, otherwise the C KLL Auger peak will be embedded in the Ge 2p structures.
We mentioned in the Experimental part that special care was uketetia work only with samples
without measurablearbon or oxygen contamination. Also, despite the fact that the O 1s isidedbe
in the Ge LMM Auger electron mainfold, we carefully monitored the O 2s line, which is quite close to
the Ge 3d line. The clea@e(001) and all layers with manganese deposited on it did not show any
oxygen contaminants within the XPS detection limit of 0.01% of a single atomic layer. Also, despite
sometimes very long XPS acquisitions (exceeding one day of measurements), the Sa(q@dd did
not get contamiated, a result which is in lin@ith the quite low contamination teiinduced by XPS
on Si(001)[46,47], as compared with electrdrased techniqudg.g, Auger electron spectroscopy)

When manganese is embedded in germanium, only two components are necessary to simulate bot
Ge 3d and Ge 2p spectra. A bulk Ge 3d component is identified at 29.24H8gtNy shifted with
respect to the casd olean Ge, which couléventuallybe attribted to a band bending effefet5].
This band bendings of about0.17 eV towards higher values on an absolute soaidower binding
energies Following the assumptions illustratedkigure 1 of referencg45] for typical cases oband
bendingsseeFigure 1 of referencg48] for explanation of the band bending assessment by using core
levels, andFigure 1bc of referencd49] for proof of these assagwents, the band bending derived in
the actual casdeviates fronthe expected valudue tothe differenceof workfunctions between Mn
(4.1 eV) and Ge (5.0 e\{p0], which should induce a band bending towards higher binding energies,
by some 0.9 eV. This confirms that no bulk metal manganese is formed on Ge(001), but rather a
compound whose workfunction %17 eV) is close to that of germaniumAdditional proofis as
follows: when Au is deposited oa similar Ge(001) wafer as used in the actual experimeats
relatively low temperature, a band bending of the Gé 3du toknpgonent is obtained by045 eV
towards lower binding energief26], as expected from the difference of workfunctions between Au
(5.115.3 eV) and Ge (5.0 e\fp0]. When Au is deposited at elevated temperature (750 K), the band
bending reverses its sign: it yields about 0.1 eVats higher iding energieqd27], close to the
actual case. The origin of this reversed band bending (irrespective of the workfunction of the metal
used) suggests the presence of defects introduced by the metal under the Ge(001) surface, which act.
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shallow acceptorfb1]. The main conclusioof all these considerations that no metal mangaseis
formed on the Ge(001) surface, oty defects are induced in the subsurface layers of germanium.

A surface componerih the Ge 3d spectra, upon Mn depositiappears aan energy similar to
component (2) of clean Ge(001). The lower binding energy compaferiéan Ge(001)s absent,
indicatingthat there is no dangling bond on this surface. Also, the ratio between component (2) and the
bulk component (1) is quite simildretween clean Ge(001) and the case of Mn embedded in Ge.
Similar findings may be infeed also from the Ge 2p spectra. Therefore, although the LEED
pattern is similar, it may happen that the orientation of the dimers and their charge state is modified
in the case of MnGe(001) with respect to the case of clean Ge@9Was @denced also for
Au/Ge(001)[26,27] This result is in line with the STM observations frdfigure 2b, namely the
different interatomic distance obtained for the surface dirdessmilar finding (absence of the lowest
binding energy component) was reported foriAduced chains on Ge(00§41]. Note also that the
fact that component (2) is a surface component may be derived also from the very low inelastic
background associatedth this componst, as resulted from the fi52,53]and as commentealso in
the Experimatal Section

The actual results are at variance with a recent published work on 16 ML Mn deposited on
Ge(111)c(2 x 8) and annealed at 260 {54,55] where these leers exhilited surface components
shifted towards lower binding energiey ~0.6 eV and -4 eV.However as the detailed LEED and
STM data from the aboveeferenceproved, the surface in that case is a pure Mn germanide one, of
«/5 X «/§ modulated superstructure, whereas in the actual case not only the initial surface is different,
but also there is clear evidence of strong diffusiomahganese inside the Ge(001) evafTherefore,
in the actual casthe Ge suface component for the MGe film in Figure 6a,bmight be attributed to
the surface Ge | ayer, event ual | Anotheointerpremtionisr e | a
commentedon a few paragraphbelow, by associating this Ge component to the lgheding
energy component of Mn 2p and attributing it tos8me; clusters.

The Mn 2p XPS spectra may be simulateasonablynly with three componentas was proposed
also inreference[55]; additionally, we needed to allow strong deviations of the-gpit splitting
from its statistical value of 2, namely 2.85 for component (1), 2.34 for component (2) and 1.66 for
component (3). We must again attribute this effect to phetten diffraction phenomend3,56]

Also, most of the inelastic backgroumsl associated to component (1), of lowest binding energy
(638.50 eV). According to actual data interpretations of thgsarae inelastic backgroun{s?,53],

this indicaés the bulk nature of component (1), the clear surface nature of component (Bgand t
eventual subsurface nature of component (3). Component (1) has a binding erterglposgito that of
metal Mn[57], component (2) has a binding energy close to that of MnP (639 eV, accord&&])io
whereas component (3) has an energy close toothatidized Mn (640 eV, according {69]). We
mustemphasizeahat special care was undertaken to work on samples without any carbon or oxygen
contamination. Although the O 1s peak is embedded ihNMHd Auger manifold of Ge when working
with Al Ky, the OKLL and O2s peals arefoundin an energy regiofree for any other peak and no
structure was observed in this region for all samples analyzed and presented in thisheiadare, it

is unlikelythatcomponent (Bcan be attributetb any oxidized mangase.
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In someolderexperiments, metal Mn was deposited at low temperatures on Ge(001) and resulted in
a thick Mn film on germanium. Several hours of XPS analysedHd (411 5 x 10" *° mbar) induced an
observable modification of the Mn 2p spectrum, with decrease of the main (metal) peak at
638.5638.7 eV andappearancef the oxide peak at 640.640.5 eV. This was not the case in the
actual experiment. The surfaseas quite stable afte several hours of XPS measuremenithis
suggests that most manganese in the metal state is found in the foretabfVin clusters or metal
nanoparticles embedded deep inside the Ge(001) crystal, giviegmponent of lower binding
energy, (1).HRTEM did not observe such nanoparticles wahcrystal structure of manganese,
therefore these metal maparticles should have a quite reduced dimen&lemg inside the Ge crystal,
these metabtoms ornanoparticles will not be subject to oxidation by the redidyas from the
UHV chamber.

For computingthe concentrationswe used Wagner'stomic sensitity factors (ASF) [60]
(see Table 1). Rrious quantitative analysegenusing these factors have given reasonaéseilts,
applied to our setupt5,48,49,61]Only for rare earthbadthese ASF to be slightly adjustg®,23] It
may alsobe observed that the results obtained by using Ge 2p and d@n8tdeviatethat much. The
relative deviation of about 24 for clean Ge(001) mayndeedbe attibuted to some systematic errors
from the atomic sensitivity factors. However, the deviation is much lower for thi&&001) sample;
at the same time, it may be seen that the summed corrected intensities Zpralbh Ge2p are quite
close(within 8.3%) to the corrected intensity for Ge alone (Ge 2p) in the case of thesdemple.

Table 1.Relevant parameters obtained from thea} photoelectron spectroscopy (XPS)

data analysis represented in Figure 5: energies and integral amplitudes for each separate
component used in the fit. The corrected amplitudes:( are obtained by dividing the
integral amplitudesA) by the Wagner atomic sensitivity fact¢é®]. The binding energies

(BE) represented are that of the maximum angular moment line from eacketdoub
Jmax = 3/2 for 2p states and 5/2 for 3d states. Experimental errors are of the order of xthe
least significant digit of each binding energy or integral amplitude.

Level Ge 3d Ge 2p Mn 2p
Sample
Component | (1) (2) 3) 1) 2) 3) 1) (2) 3)
Clean BEjme_D(eV) 29.413 29.829 28.820| 1217.62 1218.64 1216.37| i T T
A(eVAcps) | 870 094 033 | 17542 12.36 9.43 | T T
Ge(001)| Acor{eVAcps)| 22.89 247 0.87 | 19.17 1.35 1.03 i T I
(2 x1) Acor, total 26.23 21.55 i
BE jmax(€V) | 29.243 29.886 i 1217.40 1218.55 i 638.50 639.24 640.61
MnGe | A(eVkcps) | 4.33 0.49 i 110.66 7.52 i 429 7.64 587
(001) | Aco{eVAcps)| 11.39 1.29 i 12.09 0.82 i 1.65 294 226
Acor, total 12.68 12.91 6.85

A deconvolution procedure of the Mn 2p spectra similar to that showgume6c was presented in

referencg55] where component (3), of highest binding energy, is attributed to a satellite whose origin

is briefly commented asidue to fine features from various Mn atomconfigurations, and
referencg62] is cited to support thiassertionConcerning the computations for Mn 2pPS spectra
presented imeferencg62], Figure3ahasa wrong energy scale, particularly the 2fevel hasa lower
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binding energy than the Zplevel. Therefore, we cannot rely on such computationattabuting the

present data. Without discarding the possible atomic origin (probably a different occupancy of the 3d

orbitals) giving rise to the highest binding energy M, 2pomponent, we present in the following a

morefitraditionab viewpoint, basean the comparison between Mn 2p and Ge 3d (or 2p) components.
The ratio between the Mn 2p (3) component and the Ge 3d (2) component is 1.75, whereas the ratic

between Mn 2p (3) and the Ge 2p (2) is 2.75. If this Mn 2p (3) component is attributed tsgheedb

MnsGe; and Mn1Ge; clustersby HRTEM, the ratio shouldange between 1.38 ardd67. The IMFP

for Mn 2p is around 1i2l4 A [44]. The strong deviation in the Mn:Ge ratio with respect to the

expected value obtained when using the Ge 2p level may bected to the quite low IMFP (@ A)

of Ge 2p photoelectrons. Therefore, the signal originating from Ge atoms from an embedded cluster is

strongly attenuated with respect to the signal oaijig from Mn atoms. Frorigure4 it may be seen

tha the clustes are located at1¥2 nm below the Ge(001) surface. This implies the following

relationship between tHf®bserved [Mn:Ge]yps. atomic ratio and théreab ratio [Mn:Ge}:

d

an

Mn: =[Mn: X dd
[Mn:Gel,,, = [Mn:Ge],e n(aﬁ: (1)
d being the distance from the Ge(001) crystal serfiacthe surface of the endiked clusterand ax

being the inelastic mean free path of photoelectrons emitted by the element X. Without emi@ring

too much detail, a reasonable fit with formula (1) of both observed integral amplitude iratjdsy (
considering Mn 2p and either Ge 3d or Ge 2p) may be obtainedewdth & 1 8ogeipd 9 i ,
amnzpd 9dg ,8 | angd [2Mn:TGeelr ef or e, an appGeoax benat e
inferred for the clusters. In fact, the ratio between th@mat concentration of manganese and
germanium may be influenced.g, by the presence of Mn atoms in the outermost layers of the
clusters. We conclude that, with a good approximation, these clusters may have the composition
MnsGe; (eventually also MnGeg), as derived from HRTEM observations.

The remaining question is the attribution of components (1) and (2) of the manganese spectrum. As
mentioned above, component (1) may be attributed to some interstitial manganese atoms or very smal
clusters, not fornmg bonds with germanium. Component (2), whose binding energy is very close,
could also be attributed to a meli&ke state of manganese. Eventually, components (1) and (2) may
represent the same component, but witiehld be rather simulated by a Doniaghnjic asymmetric
lineshape[63]. However, the main problem of this lineshape is that its integral is not defined (it
diverges[44]), therefore itis difficult to obtain reliable integral amplitude components for this
componentalone Therefore, irrespectivef the nature of lineshape used, the main conclusion is the
same, namely that these (1) and (2) components represent small metal manganese atoms or particl
embealded in germanium. These atoms or small particles were not vigiHRBEM: their existence
is proposed only by the XPS data. The ratio between Mn@) and Ge(1l) ranges between 2.48
(when using the Ge 3d levels) and 2.64 (when using the Ge 2p levels). Therefore, the Mn diluted into
germanium neathe surface is presernt a relatively high amount, yielding a compound such as
MnGe., s This result is at variance with the observed concentration of manganese inside germanium in
areas free of MiGe; and Mn;Ge; clusters, by EDX analysis. Two hypotheses may be formulated to
explain this discrepancy: (1) the XPS analysis is sensitive to a layer of about three times the IMFP,
around 5 nm, whereas the EDX analysis was performed on areas situated at larger depths; (2) the ED:
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analysis commenteah in Sedion 2.2 was performed orpscific regions of the sample where ¥be;
and Mn;Ge; aggregates were clearly visible; this does not excludeithsdme other areas of the
sample a larger manganese composition may be found.

Note also that the overall intensity between germanium andjanase is close to Recently,
GeMn-like phases were computed bgst principle simulationg64]. The aboveaeferenceproposes
three possible sites for Mn insertion in such a structure: substitutional in Ge diamond lattice (S),
tetrahedral interstitiah the Ge diamond lattice (T), and tbigphase of CsGlike structure, similar to
FeSp. Without the HRTEM observations, it would be tempting from the XPS data to propose a
mixture of these three states of mganese in a compound which has the ovetalhposition
Mn: Ge & 1: 2.

Finally, we must specify that the actual interpretation does not completely discard the hypothesis
that the Mn(3) component is a purely atomic effect, as presentedeirence62]. In that case, the
Ge(2) componenwould represenbnly theGe dimers on the surface, as observed by LEED and STM.
The conclusion would be thahe resolution of the actual data does not allow one to discriminate
between Ge in MiGe; clusters and Ge from the Ge(00dnystal The Ge(1l) component would
represent both types dbe atoms from the bulk of the samplde reasonvhy we favor the hypothesis
of Ge(2) + Mn(3) forming MnGe clusters is that, if one considbet the whole Mn signal
(6.85 eVx kcps) originates from these clusters, it will be assodiatgh the whole Ge bulk signal
(some 11.4 e\ kcps), therefore no signal is left for germanium from the Ge(001) crystal, outside the
clusters. At the same time, such areas are clearly observed by HRTEM and some Ge photoemissiol
intensitycouldbelong tathese regions.

We end the XPS section by concludingh the formation of MeGes-like clusters, superposed with
distind (spare)manganesén the metal statediffusedin the Ge(001) crystal. Similar findings were
reported also iflReference$9,10,65 67], for preparation conditions different from the one used in the
actual study, ranging from esvaporation to ion implantation. Additionally, here we may estimate that
the overall amount of unbound or diluted manganese in the near surface region, as teddstiy#®S,
is about twice as much in the diluted form with respect to the manganese foungag; Blasters.

2.5. MagneteOptical Kerr Effect

Figure 7 presents the MOKE hysteresis loop obtained on the MnGe(001) saogppsd bya
213 nm Cu layerIn order to remove all possible effects that may give questionable results, a separate
Ge(001) was prepared by flashing in UHV, checked by LEED and XPS, then covered by the same
amount of Cu as the MnGe(001) samples, checked again (no LEED observed, nonetiatarseen
by XPS). This was also investigated by MOKE and provided a loop with no ferromagnetic signal. We
will not comment on the possibleigins of the reverse (clockwise) hysteresis loop with a simadr
area shown byhis sample (blue curve kFigure?).

A clear, counteclockwise hysteresis loop is obtained for MnGe(001). This loop may be interpreted
as the superposition of two paramagnetic components and one ferromagnetic comfpanaiiar
procedure to identify diamagnetic or paramagnetic pmments was discussed rieference[68] for
cobalt doped ZnO.Simulations using the Brillouin function, described in more detail in
referenceq20,21,69] pointedto the existence of a clear superparamagnetic component with total
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momentJ;a 12, 000 B odp)units) supermmsed anfmgrmab paramagnetic component
with J, & &. However in addition to these two components, a ferromagnetic behavior is
clearly identified.

Figure 7. Magnetaoptical Kerr effect (MOKE) hysteresis loopbtained on the sample

with the equivalent of 100 nm Mn embedded in Ge(001), in red (full) curve, together with
a measurement on a clean Ge(001) capped with the same amount of Cu asGkee Mn
sample in blue (dashed)Arrows represent the sense of evaatiof the hysteresis
(counterclockwise for MnGe, clockwise for Ge). Insert)(irepesents a fit with a
combinantion of Brillouin functions for assessing the superparamagnetic component. Insert
(i2) represents a detail of the hysteresis loops in theitdd/ riegion.
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It is clear now that, according to the XPS observations, each magnetic component should be
attributed to one of the Mn states identified. The most straightforward attribution is to assume that the
observed MgGe; and Mn 1Ge; clusters are rg@nsible for the ferromagnetic component, whereas the
fidilutedd Mn into the Ge matrix, whose binding energy is close to that of the metal manganese, should
be responsible for the superparamagnetic component. An argument to propose this attribution is alsc
that the ratio between the saturation magnetization of botlpa@oents is about 10.6, in favor of the
superparamagnetic component. From the XPS data analysis we inferred a ratio of about two betweel
the metallike Mn and Mn from Mf®e; clusters. If, in addition to that, one takes into account that the
Mn atomic magneti moment may reach &g inside the superparamagnetic particles (according to
Hunds rules), whereas in MBest he f erromagneti ¢ Mng[l@pthisecoud 1 s
explain a ratio between saturation magnetization of about four. The remaininglattte observed
value of 10.6 may be attributed to the fact that the compositions derived by XPS are valid in a narrow
region of a few IMFP near the surface,, at most 23 nm, whereas the MOKE technique is sensitive
to about 20 nnj70]. The main poblem with this attribution is that the superparamagnetic Mn clusters
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should contain about 2400 atome,, their volume (by introducing parameters for bulk manganese)
should be about 29.3 firBuch clusters should have been visible by HRTEM.

The second ypothesis is more interesting for practical applications: to attribute the
superparamagnetic component to thesGkg clusters, and the ferromagnetic component to atoms or
possibly small Mn clusters diluted into the Ge(001) cryslitifed such that theyaoinot form distinct
structures visible byHRTEM. One argument in favor of this hypothesis is that, when computing the
cluster size starting with the total superparamagnetic momentum and by introducing the above value of
2.6 ¢ for each Mn atom from the dters, one obtainsn average about 4600 Mn atoms in a cluster,
therefore the clusters are formed dyout7400 atoms. By assumirgs a first approximatn that, on
average, th&n atomic volumes are similar tbhe Ge ones, the total volume of such clustgelds in
the range of about 90 rini.e., spheres with radii of about 2.8 Bnand these values are quite similar
to the observed clusters by HRTEM (see ure)g 2 and 3 Superparamagnetisniwith or
without interaction) of MnsGe; clusters at room temperaturieas already been discussed in
referenceqd12,16,69] SQUID measurementswvhich are detailed inthe following showed also the
presence of a superparamagnetic together with a ferromagnetic component. Therefore, this hypothesi
points out a verynterestingresult the ferromagnetic component is indeed due to Mn diluted in the Ge
matrix, therefore a diluted magnetic semiconductor is formeds reminded that he surface
composition of this DMS may be obtained roughly by dividthe amplitude components (1) and (2)
of the Mn 2p spectrurhy thefi u n r e aocmpoeemtd1pf Ge 2p:a composition of about 27%tis
obtainedfor the Mn content in the layeAn approximate composition of about pBw®; is derived near
the surface. It is astonishing that, despite this huge amount of manganese, the Ge(001) surface
remained unchanged.

2.6. SQUID Magnetometry

Figure 8 presents theQUID data. Details about the measurements are given in the Experimental
Secton. First of all, let us remark that clear hysteresis loops are obtained at low temperatures (starting
with 2 K) up to above room temperature, 340 K, although in this cadd(tecurves are dominated
by the germanium diamagnetic raponent. From zero fi@ cooledfield cooled (ZFC-FC)
measurements the existence of a superparamego@tponent may be infed [71] as a local
maximum of themagnetizationversustemperature dependence when the sample was first cooled
without applied magnetic field and thérated in a small applied field. This maximum defines a
fiblocking temperatueabove which the thermal energy suffices to overcome the magnetic anisotropy
of the frozen macrospins. For a sample with a distribution of namdpasizes, this blocking
tempeature manifests as a broad maximum or a plateau, as represdfigaa8.

In addition to this superparamagnetic component, the-EECurves exhibit a clear presence of a
ferromagnetic component, a result which is in line with the MOKE observations. Moreover, the FC
curve exhibits also a maximum at a temperaird 1 6 0  aions fibe a ferromagnetid(T)
dependence are to be expected for diluted magnetic semicondiZ@piswving to the competition
between thermal generation of carriers and thermally induced disorder in the spin alignment. Therefore
such an anomalous FCHaevior may be a sign of a diluted magnetic character of the ferromagnetic
component . The dependence of the coerciTifgafi el
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result reported already on similar samples in refergrigle However, in this prgous workTc was in
the range of 183235 K, whereas in the actual case it is of about 335 £10 K.

Figure 8. Superconducting quantum interence device (SQUID) measurement of the
Mn-Ge(001) sample obtained by deposition of 100 nm Mn on Ge(001) hel@ &.3%he
main graph with blue symbols andndis represent zero field coolédld cooled
magnetizationmeasurements (see text for details). The inserts represamtetization
hysteresis measurements at the specified temperatures.
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We end up this sectioy estimating the average saturation magnetic moment peatdnfrom
MOKE and SQUIDmeasurementsAccording to previous calibrations of the MOKE setup, disalisse
in more detail irreference$20i 24,70] 1 mdeg of MOKE signal corresponds to 1 nm of a hayeer
with typical density of bulk transition metals (aroundidn %) and with 1gg per atom. As mentioned
above, the probing depthd$ about20 nm. With an average @Mn atoms per Ge unit cell (5.66 &)

a density of 1& Mn atoms per crhis obtaned,i.e., one order of magnitude lower than a typical
density in a transition metaBy taking into accounthis density, an effective magnetic moment of
about 0.5¢g per Mn atom is obtained at room temperature, normalized to all Mn aR@ssaling to
retain anly the components attributed to diluted manganese into Ge(001), yields abowgg0p&s Mn
atom diluted in germaniuntcaling again with the SQUIM(T) magnetizationcurve, a magnetic
moment of about 3.8z is obtained at very low temperatures.

It may also happen that, of the Mn atoms, only a part of them are incorporated into the Ge(001) lattice
and produce the diluted magnetic semiconductor, (E.gsubstitutional siteS), seereference[63]).
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Another part might quite webe responsible for th paramagnetic phase (gig.interstitial sites(T)),
which was also introduced in the Brillouin function simulation of the totgnetization

3. Experimental Section

The experiments were performed in a surface science cluster (Specs) compmsiegudar beam
epitaxy (MBE) an Aarhus scanning tunneling microscapel a photoelectron spectroscopy chamber.
The system is described in greater detairgferenceq22,24] The base pressure in all ultrahigh
vacuum (UHV) chambers is irthe low 10° mbar to 10'* vacuum range.Photoelectron
spectroscopie$XPS and spinand angleesolved ultraviolet photoelectron spectroscopy SARUPS)
are performed in aanalysis chamberquipped with a 150 mm Phoibos hemispherical electron energy
analyzer, a dual anod#g/Al Ky X-ray gun, a monochromatized (Alp#dg Ly X-ray source and a
high power UVS 300 UV lamp. A flood gun operating at 1 eV electron energy anglALectron
current was employed to ensure sample neutralization for all measurements. MonocbAiaiz
radiation was used for this experiment (1486.74 eV). The analyzer operated in fixed analyzer
transmission (FAT) mode with pass energy of 10 eV; the estimated combined (source + analyzer)
resolution is of about 0.65 £0.03 eV. The energy weggsededly calibrated with the Au 4% core level
(83.81 eV) using separate thick Au depositions. The ARUPS andregmived photoelectron
spectroscopys notdiscussed in this pape3TM measurements are performed at room temperature.

Ge(001) waérs were cleaned Hiashing the samples at aboutd66 (2i 3 flashes of 20 mins. in a
vacuum kept in the low 1&mbar range]24,26,27] Clear (2x 1)i (1 x 2) LEED were obtained, as
seen in Figure 1. No carbon or oxygen contamination was detected théeHimits of the XPS system
(0.01% of a single atomic layer). Thick manganese layers (100 nm of equivalent bulk Mn) were
deposited from a properly calibrated and outgassed Knudserclosi to normal incidence on the
substrate, at a rate of 2 nm/miAlso, no contamination was observed. During the deposition, the
substrates were held at various temperatbetween50 and 450 €. Lower temperature deposition
results in layers without any LEED patteAiso, no room temperature ferromagnetism is obsefwed
samples synthesized at temperatures below25M this paper, weliscussed mostlgesults obtained
on substrates synthesized at 350 €, where a high quality LEED pattern was obtaingbteatteck
Mn layerdeposition. The degree of Mn oxidationtire photoemission chamber was also estimated to
be aboutone single atomic layer in 100 + 15 minutes for a fresh Mn fil®@everal Mn 2p
measurements as functiari time elapsed in the analysis chamber were undertaken and no visible
contamination othe manganese layer was observed.

Separate Mn/Ge(001) preparatiomsre immediately covered .5 nm of Cu and removed from
the UHV system forex situanalyses: Xay absorption fine structure, SQUIBPIRTEM, MOKE.
Longitudinal MOKE was performed at room teengture by using a AMACC Anderberg and Modér
Accelerator AB systemwith a HeNe laser &= 633 nm) which allows a maximum applied field of
0.6 Tin the sample planén order to enhance the precisiorttod measurement in the low field region,

a maximumfield of 0.2 T was applied in these experiments, but sanmpeschecked regularly also
at maximum applied fields @.4 T.

ThermaemagneticM(T) curves as well as magnetic hysterdd{#l) loops at different temperatures

between 2and 300 K were measurewith a SQUID magnetometer (Quantum Design), wath
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magnetic field (up to 20 kOe for these samplgg)lied along the Ge(001) surfacéneTprocedure to

record ZFCcurves is first to heat the sample at about 400 K, then to lmoaelot allowing it to
experierwe anyappliedmagetic field down to the lowestemperatures achievable in the setup (2 K),
then to apply a small magnetic field (500 Oe) and to recorchtgnetizatiorversustemperature. For

field cooled, the sample is cooled in applied magnetic field and the FC curve is measured during the
cooling cycle; when it is warmed up, hysteresis cycles are recorded.

Other experiments undertaken were Cu 2p XPS measurements, depitisegedn clean Ge(001) or
on Ge(001) subject to Mn solid phase epitaxy: no difference was observed in these spectra, therefore
no intermixing of Cu with the MnGe layecsuldbe observed.

CrosssectionalHRTEM was performed by using JEOL JEM ARM 200F noroscopewith Cs
correction and 200 keV electron energy. Theosssectional Cu-capped MnGe samples are
mechanically thinned down to 2m by usingthe tripod method. lon millingsi achieved down to
electron transparency by using a Gatan precision iosipog machine (PIPS) machineperated at
4 kV and 7°incidence angle. For the final milling stage, the acceleration voltage is reduced to 1 kV, in
order to remove the damaged surface laydy.

The XPS data analysis was performed by simulations usingt \limes andVoigt inelastic
backgroundq74]. As arguedn referenceq452,53], associating separate background factors to each
XPS component allows one to discriminate between the bulk and the surface nature of each one o
these componentalso, the Ge 3d levels were fitted with the saboeentzianand Gaussiarwidths
for all lines, whereas for 2p spectra (Mn and Ge) ltbeentzianwidth was allowed to increase
from the lower binding energy (2p to the higher binding energy (29 line, owing to supplementary
CosterKronig decay channels, yielding lower core hole lifetimes for the higheding energy
lines[45,48,49,52,53]

4. Conclusions

A manganese basddrromagneticsystemwas stablized on Ge(001) with preservation of the
Ge(0Q) long range surface orderinthe synthesisnethod was quite simple evaporation of Mn onto
heated Ge(001) substratesdercontrolled conditions of vacuum and temperature. The simultaneous
analysis of LEED,HRTEM, XPS and MOKE dataillustrated several characteristics of the
MnGe(00) system

(i) The Ge(@1) surface crystal structure is preseptedether with the (X 2)i (2 x 1) reconstruction.

(i) The atoms forming the surface dimers are situated at larger interatomic distances on the surface
exposed to Mn.

(iif) Mn atoms ardocated in MBGe; and Mn1Ge; clusters (about one third of them) and the other
two thirdsmost probably diluted into é@Ge(001) semiconductor lattice.

(iv) Three magnetic phases are present, maramagnetic (£g), one superparamagneti¢about
12,000¢g) and one ferromagnetic. Téestatesnay be connected with the difent Mn states
observed in XPSWe presentedome arguments, mainly based on HRTEM oleéons, that
the superparamagtic phase may bdue tothe observedclusters, whereas the ferromagnetic
phase might be due to Mn diluted into germanium, unobserved by HRTEM.
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(v) The sample surfads relatively insensitivéo contamination by the residual gas, therefmost
Mn atoms are located bertbathe Ge(OOL surface. This may be quite important for
technological applicationis microelectronicswhere ofterthe substrates transferredrom one
processingystem to another under ambient atmosphere.

The DMS character of the magnetic phasas consideredbas& on two observations: (a) the
similitude between thel ma g n eitei af dhe particles detected from the superparamagnetic
component of theMi(H) measurementstherefore, the ferromagnetic component might be tue
manganese in other environments, ,aduted into the Ge(001) matrix, unobserved by HRTE&MI
(b) the maximum observed for the ferromagnetic component in the field cooled curve, which might be
attributed to a DMSike character. Thishypothesisremains to be investigated in more detalil,
especily by complex magnetelectric or magnetoptical experiments, where the carrier
concentration inside the Ge layer may be controlled. To check the truly inert nature of the Mn states,
one has also to try controlled oxidations or other contaminatione®d surfaces. However, the actual
data, aparfrom boosting further the study of manganésduced ferromagnetism on Ge(001), have
resulted inobtaining a magnetic phase separated from vacuum by a nearly perfect Ge(001) surface.
This system might be a poaype for further applications in view dhe integration of magnetic
systems with Si microelectronics, by taking into account that magnetic electrodes on Si are strongly
reactiveand therefore useless for spin injection. Note also the recent result olftaisgdthesis of
anisotropic magnetic layers by a similar procedure, using Fe instead [@4{s&lence, the relative
ease to synthesizke Ge(001)surfaces a promising temple for magnet@lectronics and spintronics.
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