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Large-Area Synthesis of Ferromagnetic Fe,_,GeTe,/
Graphene van der Waals Heterostructures with Curie

Temperature above Room Temperature

Hua Lv,* Alessandra da Silva, Adriana |. Figueroa, Charles Guillemard,

Ivdn Ferndndez Aguirre, Lorenzo Camosi, Lucia Aballe, Manuel Valvidares,
Sergio O. Valenzuela, fiirgen Schubert, Martin Schmidbauer, Jens Herfort,
Michael Hanke, Achim Trampert, Roman Engel-Herbert, Manfred Ramsteiner,*

and Joao Marcelo |. Lopes™

Van der Waals (vdW) heterostructures combining layered ferromagnets and
other 2D crystals are promising building Blocks for the realization of
ultracompact devices with integrated magnetic, electronic, and optical
functionalities. Their implementation in various technologies depends
‘strangly on the development of a bottom-up scalable synthesie approach
allowing for realizing highly uniform heterostructures with well-defined
interfaces between different 20-layered materials. It is also required that sach
material component of the heterostructure remains functional, which ideafly
includes ferromagnetic arder above roam temperature for 2D ferramagnets,
Here, it is demonstrated that the large-area growth of Fe, _ GeTe, fgraphene
heterostructures is achieved by vdW epitaxy of Fe,  GeTe, on epitaxial
graphene. Structural characterization confirms the realization of a continuous
vdW heterostructure film with a sharp interface between Fe,  GeTe, and

graphene. Magnetic and transport studies reveal that the ferromagnetic order
persists well above 300 K with a perpendicular magnetic anisotropy. In
addition, epitaxial graphene on SEC[0007) continues to exhibit a high
electronic quality. These results represent an important advance beyond
nonscalable flake exfoliation and stacking methods, thus marking a crucial
step toward the implementation of ferromagnetic 2D materials in practical
applications.
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1. Introduction

mn 'I':'rr-.'lr|1=|.nu-l'i|: materials are antiri.r.v:.l.h:-d
to play a crucial e in the development
of future spinbased devices e, spin
H'EIIH ﬂ.lﬂl rH!II'JDI'IIIHI.'I."'l.'H!- I1I_'IH,:II!"|H. T T
aries) with high energy efficiency and ulira
I.'IIII:IiH.II:t d:ll'llll.'l'lﬁil'.lrl!i.:.l ; Moreover, Ga.
bining them with other laversd materials
guch as graphene and 20 semiconductors
feg., WS, and MoSe) o van der Waals
v W) heberostructunes k= a promising patls
way for the realization of novel devices with
integrated magnetic, optical | and electronbc
functionalites.'*! In this case, besides the
individual preperties of each 2D crystal,
proomity-induced coupling effects across
the v gap offer unkue opporunities o
taibor properties via a layering design,!**|
In order to enable a broad range of
applications, it is critical to Wentfy 20
ferromagnets exhibiting a Curie tlempera-
ture [T at least at room 1:'-1r1]1n:':'.1nl1|.r|'.""'
Among a vasi selection of 20 materials with
magnaehic order investigated recently ™ the
Fe, , GeTe, (FGTh metallic system (with x
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usually between @ and 0.8)"" has been found 1o offer 2 great
prospect, = it has ls=en I.'E;purt-ud to exhibat a T of around 300
BRI RGT 8 an tinerant ferromagetic metal " with mag
nelic propertbes that can be tuned vea elecirostatic gating,”™!
strain, or doping when interficing a topologcal insulatos,™ as
well a5 elemental doping!™ " Similar 10 other 2D Fe-Ge-Te
compounds like Fe,GeTe, '™ and Fe, GeTe, " with below room
tempersiure T, it possesses a layered structure with esch single
layer bedng formed of Fe and Ge 20 glabs encapsulated by Lay-
erg af Te"* The weak vdW interaciion between interlayers por-
miits to exfoliae micrometer-sized fakes from FGT bulk single
crystals and to fabricabe vd%W heterostructures combining FGT
ard other 20 crystals via sequential Aake stacking.! '™ ™1 Such an
appreach has recently been used o realize PGTgraphene spin:
valve devices demonstrating rocm-temperature aperation,'™!
FGTigraphene wiW heterostrachures are in general very promis-
ing for the design of all-2D logic/multiplexer devices™! in
which FGT is the spin injector/detector and graphene the spin.
transpart chanmel,

Drespite their great wiility for fmdamental studics and testing
device concepts, exfoliation-based methods are nat scalable and
diffecult o integrate into estaldished device fabrication schemes,
Hence, achieving bottormn-up symthesis of 20 heterostructures
comprising FGT and graphene is crudal for implementing
the=se materials imbto future dievices. [n this work, we demon:
strate Hee !jm.thiﬂ-ﬂFh.l‘Fl.'-:l‘l-I FGT_fp:ph:nr wd W heterastrac.
turex exhibiting ferromagnetic onder persisting well above 300
K and perpendicular magnetic anisotropy (PMA). For this, vd'W
epitaiy of FGT Alms on singlecnystalline graphene fS3CH0001)
templates was realized by molecular beam epilaxy (MBE], a
method wlich has recenily been employved for the growth of FGT
an subsirstes such as ALO (0001, WS, 001} AL, [0001), and
SETHO (111 Imnpartantly, the underlying graphens layess
exluibit a sharp interface to the FGT and conserve their high elec.
trankc qualiey, which are key ingredients for the future develop-
ment af devices in which Interfacial effects can be used to contral
properties and functlonalitles.
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2. Results and Discussion
2.1, Structural Properties

MBE was employed to grow =15 nm thick FGT films on epi-
taxial graphene on SiC 00 wemplates synthesized by surface
graphitization. ™| Rutherford backscatiering spectrometry (RB5S)
analyses {see Figure 51 in the Supporting Information) revealed
the filims to exhibit an average composition chose tox = 0, namely
Fe, 5 50Ty, This is similar to what has been reported for bk sin-
gle crystals synthesized by chemical vapor transport.”™ In situ
grawth monitoring by reflection high-energy electron diffraction
[RHEED} showed a pattern n'rlnpn:-rd of izolated streaks which
indicates growth of 3 film with a smoath surface (Figure 1a, bot.
tom panely, The position of the streaks with f tor the pattern
measured for epitaxial graphene an SHC{0001) before growth {for
S4C{0001), the in-plane ([P) lattice parameter is 3,08 A) " attested
the evolution to a larger in-plane Lattice constant around 4.06 A,
as expected for FGT formation.”™
To study tlse bn-plane strocture in more detail, synchrotron-
based grazing incidence diffraction pG10D) was  employed.
Figure 1b shows tee fn-plane intensily disiribution plotied
in hexmgeal coordinates according to the symmetry of the
SHC(HN) substrate. This map was obained for the 15 nm FGT
film covered by a 5 mm thick Te capping layer, which was used
1o reduce FGT surface catdation upen prolenged air exposwre,
For corvenbence, we use the four-component vectos notation for
hexagonal syoimetry: (H K L = (H K —|H + K] L) The only
substrate contribution within the investigated area in reciprocal
space appears a5 a single (2109 4ype reflection. The other meost in-
tense and prominent diffraction features originate from the FGT
film. There are twodifferent ses of reflections, namely FGT{11.0
and (22,0, and FCTHRO) with [H = 1.....3). They bath refer to
orientations with their e-axes abong the surface normal, The three
mast intense diffraction features at (1104, (22,00, and 30,0 re-
veal an FOT in-plane Lattice parameter of 4.049(13) A This is. in
genetal, agreement with the value olained by RHEED, as well
as literature values for Fe, | GeTe,y [0 < x 5 0.4} bulk crystals!? =™
and thin flms, ™1
The intensity modhalation along te FGT{11.0§ ring E:d'p:ihil.m; a
maxirnurm in the azimuth which is aligned along the SiCI20.00 in-
plane substrate direction. This indicates a preferental in-plane
orientation, i.e., the (11.0) net planes of FGT and SiC are par
allel, as we previously observed for Fe,GeTe, Alms grown on
i, Keverthebess, the FGT arc rnaxima are broader than
those of Fe,GeTe,. For the arc crossing the [11.0} reflection, a
full seidils at half maximum of 8.9° (Figuse 1b, inset) is found,
whereas for Fe GeTe, this value 19 about 4.7°% Even though
thiz relatively large value k2 not uncomason for epltaxially grown
vd W materials ! ™= it reveals that the in-plane mosaicity in the
FGT flm [s clearly larger than that mexsured for the FeGeTe,
ane (grown with virmually entical conditions, except the Fe fAux),
Thiz difference might be asscciabed wiih the higher energles re-
quired fiog the stabilization of lavered Fe-Ge-Te phases exhibiting
a Fe composition higher than 371 The existence of in-plane mo-
saicity can also be inferred from the mther diffuse streaks of the
RHEED pattern {Figure 1a, bottom panecl). Similar RHEED pat-
terns were reperted by Ribeiro et al!®! for Fe,GeTe, films grown
by MBE on AlLQ(001) substrates, Interestingly, they could
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Figurg 1. Sructsdal cheraclaigalsdn &l 15 rers thick FGT flr an graphens, a) In g AHEED pabierns takén pérpendicular 1o the 520 100} difedtan,

teefinre (upper panel) and after FGT growth [lower pamel). b)) GID inplane reciprocal space map. B oontairs the 520 (2 10} reflection, as well as contribu
uans slang partgiar fngh (correlpanding 1o dicnete on-plarss laitice pasarseien] which cin be well aienduited 1o FLT, Fele, and the Te capping Liyer
The iinsat image [left side, bottom) iz an azimuthal imensity profile intersecting the mavimaim of the {1105 FGT . o Out-of-plans omega-dtheta scan
fiar mi wiicapped Firn EOATRININE & BEFEs afl FGT p-r.ih'._ wihode inlensdicd and posstioen match well wath chlilabed orei. N B0 shows contn Bulicns
froen FeTe and the 5iC swbstrates. dj AFM height image taken for an uncapped film. The inset depicts a higher magnificabion image where it is possible

to betrer witubh?e 1 AIALLIFLITLFES Presem] Bl Ehe fuiifice

almerve an evelution from diffuse to sharp RHEED sireaks by
performing postgrowth ansealing of the flms at a temperature
af 550 °C under Te flux. Thiz suggests that postgrowth thenmal
treatment as well as higher growth temperatires might bmpoove
in-plane order for FGT films grown on graphene. This will be the
topic of further iovestigations. These are two more ring-dke con.
tribuiions detectable in the map and by the anached line prodile
taken a1 K =0, which cannod be related 1o FGT. Thess are mios
probably due 1o smaller fraction of letragonal FeTe agreeling very
well with FeTe(200) and (220) in-plane latlce spacing. [nberest-
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ingly. the saxis of bEragonal FeTe paints along the direchion per.
penslicular to the surface 25 well, Finally, 3 ssquence of low-index
palyrings with different lathce spacings is also detected, which is
ariginating from the topmost Te capping layer.

Complementary 1o G 1D we have performed a laboratory-based
armega et measurement at an X-ray wavelength of 1.54066 4,
which probes exclusively oui-of-plane festures of the laver {see
Figure 1c) A get of Fele reflections confirma the presence of
tetragoaal Fele with i out-of-plane ofentation along S6C 001
as 1t could alresdy be anticipated from the GID in-plane data. A
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further set of eight subsequent FGT0LL) reflections with L =
3, 6, ... 24 proves (in confjuncton with the pmmied 'in-'p:l:nr
datay the formation of FGT with a Fe,GeTe, structure,™ since
they fit well to the positon and intensity rathos of the numen:
cally derived powder pattern (back bars). Based on the postisons
of the contributioas at £ = 3, 6, 18, and 21, we have deduced an
out-of-plane lattice parameter of 2169 A, In agreement with
previous reporis for bulk crystals and thin Alms ™1 The for
matken of j00.1]-ertented FeyGeTe, can be exclisded as it waoulbd
result inio 4 clearly different difraction paitern ™ Nobe tha
these measurements were performed for uncapped FGT Alms,
which explain the absence of contributions related to pure Te.

The surface morpholegy was probed by atomic foroe mi-
croscopy (AFM), Figure 1d shews a tvpical AFM height image
for an uncapped FGT film, Its coverage appears mainly con-
tinuouws over the micrometer-sized grapheneSiC terraces, with
the exception of some holes appearing close to surface steps.
These substrate regions are known to exhibit few-layer thick
graphene ribbons and patches, whereas the ferraces are mostly
covered in monslayer—and, 1o @ lesser extent, bilayer—thick
graphene, ™™ & simitar effect was observed in Fe, GeTe, grown
an graphene/SEC0001), 7 which we associated with the lower
surface reactivity of the thicker graphene areas relative to that
aof the terraces) ™| leading to a lower FGT growth rate near the
stips, Maoreosver, 1t i% Fluﬁ:iHE o observe namsslands with tetrag:
-an:l:h:pn: seattered over the surface [Figure 1d, inset), Based an
the G1D and X-ray diffraction (XRD) Andings, we suggest that
they are composed of tetragonal FeTe!*" forming due to phase
segregation during growth or dusing subsequent sample cool.
ing. In spite of these unwanted surface efecs—which are ex.
pected 1o be mitigated by furither refinerment of both the FGT and
graphene growih protocals—i B reazonable to condude that the
FGT filin offers 3 geod surfsce homogenedty over large areas. The
roat-mean-equare (RMS] roughness for different surfice regions
{free of Fele nanodslands) varbes between 0.8 and 1.1 am, which
is chose to the thickness of cne monelayver of Fe,GeTe, {a single
laver corresponds o 173 of the undt cell with ¢ = 291600 A). It
is imiportant 1o note that the AFM investigations discussed here
were canducted on noncapped FGT films. Although exidation in
FGT ™! s mod as stromg as in 20 magnetic halides! ™ surface ox-
idation taking place within a few hours after air exposure mdght
incresse the surface roughness,

The structure of the PGTigraphone heterastruchure was
alse  inwvestigated by scanning  transmission  electron mi-
croscopy (STEM). Figure 2a depicts a high-angle annular
dark-fickd (HAADF)-STEM image of the FGT Alm grown on
graphene [SIC000). It is possible 10 observe the lavered struc.
ture of the film; in that singde layers are clearly separated by «d'W
gaps, in agreement with previcus TEM characterization of FGT
bulk crystals and thin films " Most of the film = formed of
well-oriented lavers with the ezyrcl:-d FETsing_lr-l:.fﬂ thicknecs
=1 nom, see Figure 2h). This valwe agrees with the ¢ Lattice con:
stant obtained from the XRD data, Stacking and rotational fauls
are also evident. Strikingly, STEM images reveal that, althouwgh
the overall vdW-lavered structure is preserved, single layers with
a thickness larger than 1 rm are alen present. Flgure X, which
ahows an enlarged area from an interface region in Figure 2a,
reveals some Lavers a8 dhick ag 2 am. To the best of owr kiow].
edge, the experimental realizition of Fe—Ge-Te-laversd phases
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int which the thickness of a single layer is larger than that of
Fe,GeTe, has not been reported. In a2 simple picture, such a
thickness incoement is anticipated if one considers that “Alling™
the 21 backbone structure of Fe GeTe, with more Fe atons
will result in the formation af additional slals of Fe, following
the same trend as experimentally observed when transitonkng
from Fe,GeTe, to Fe GeTe, for which the single-layer thickness
evolves from 0.8 o = 10 7555 1y fact, Liv et al® used
first-principles calculations to stisdy different Fe-Ge-Te-layered
phases Including Fe, GeTe, and Fe, GeTe,. They predicted them
1o exhibt a thickness for single layers of arcund 1.1 and 1.2 nm,
respectively, Our XRD data (Figure 1<) do not directly confirm
ithe formation of swch phases, which shows that they are nol
dominant in the Alm. However the shift of the (00,9 reflectien
toward a lower angle (in comparisen o the value caloulated for
Fe, GeTe, ), as well a= the existence of an additional. unidentified
reflection closed to {00,18) (swperimposed o SiC (006}, could
be related to the existence of layered phases with larger ¢ lattice
constants.

Even though at the present stage wie cannol unambiguously
identify their composition and structure, the existence of single
layers with thickness larger than that of Fe,GeTe; is strong ov-
idence for the formation of pew Fe-Ge-Telavered phases with
Fe mmpmi‘lim‘l. t':;-nﬂ;-dina_ 5, which are pn:n:ﬂ'.l!}' rmikastahle 1
Thiz illustrates the jreat Pﬂ::nli.:.] ol vl Ei'ri‘h.'t}' via MBE far
the hrgt'-:-l::llr realization of metastable phuu af 20 MEagmets,
simibar o what have besn observed for 20 semdconducting
dichalcogenides." ™! Further investigations are needed in order
o identify the reasans for the formation of such phases and to
controllably realize them, Finally, note that the average RES com:
position obtained for our flms (Fe, ;GeTe,) does not pose a con-
tradiction to e existence of livers with higher Fe concentration.
It 8 koo that Fe,  GeTe, shingle livers are ususlly Fe-deficiemnt
with 0 = & < 045555 (e pan be even close to 1 i the Fe,GeTe,
structure stabilized by Seo et al’™| iz considered, which interest-
ingly akso exhithits a single-laver thickness of around 1 nm). Fe
deficicncy taking place in the “mormal” FOT Livers could. in prin-
ciple, compensate for the higher ameam of Fe present at the bess
abumdant, thicker lavers,

Another very important feaxture observed in ihe STEM images
is the sharp nature of the FGT/ graphene interface. Figure 2d de-
picts the sarme area as in Figure 2a. rendered wsing a oustom
color map to aid the visualization of the graphene lavers, since
the HAADF-STEM images provide an atemic mumiber (Z) con-
trast. The continuous graphene layers are observed (dark green
color) directly interfacing the crystalline FGT Alm (in orange), A
mare detailed view of the FGT/graphene interface, obtained for
another sample region, is provided in Figure 2e<h. In agreement
with the previous reports, ™ they confirm the edistence of a bi-
h:.'-:r thick Fap]'u'nr.- {with an interfayer distance of 034 nm), and
the carbonerich buffer Byer very close o 53C,

2.2, Magnietic and Electric Properties
The 'rnn:p'mlir and electric pn:rprrl:in were im'rﬂig:lﬂl ¥ia mag:
nittatransport measurements, mpﬂvnnndurlirm gjuiantuim Nk

ference device (SQUID) magnetometry, X-ray absorption spec.
troscopy (XAS) and Xoray magnetic circular dichraism (XMCEY.
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Figune 2. ETEM af the 15 saim thick FCT film on :'Jpl‘i-:rlt_l':'.llfl:l:l:l:l 13 B} HEALGE-S TERE ke o & Fefian Aimng e FGT filims om graghene, bj MJHulr-!rd
region from the green dashed rectangie n panel (2] showing the homogeneous layer feemation and its line prohile (& red). The interlaper distance is
06T [;ﬂ.'!l]!- Faith. L] AFDIFET :r-..iI'HI!'\d aréd [blug dashed fectafnighe) fecen @manel (&), showing the et gt of & figle lwpers wah different thekneiaes
] The same image as in panel [a) rendered wing 3 oustom colormap (o aid visualization. €] Bright feld-35TEM image showing ancther region of the
sample where the graphens layers are beiter resabed. £ HAADF.STEM image of the same area in panel [e). g Colormap versian of the same area in

panel [e) to aid witualiratson of the graphene layem, h) Enl:-’grd repean of the yellnw.'!l;l;:ngl,.!:r box in panel (g}

These measurements were performed on pieces cut from the
same 1 cm® sample consisting of an =15 nm FGT Alm (capped
with 5 nem Te) grown on graphene SPC{0001 ),

Figure 3a displays the Hall resistivity p, measured via mag-
netatranspart 1l1|.rir|:g_ ||.p'A'Ir|:| andd dovwmward SWerE of an exter:
nal magnetic ficld H, whene the arrows indicate the ficld sweep-
ing directions, The lincar background is caused by the ondinary
Hall effect (OHE) with the negative stope observed for the whole
temperature range suggesting electrondlike transport behavior,
However, the measured OHE results from parallel conduction
through the FGT and graphene transport channels exhibiting
holes and sdectron:like transport characteristics, respectively ™
Consequently, the sign az well as the absolute salue of the OHE
slape dependd on the relative conductivities of the FGT and
graphene flms. The extracted effective carrier density of 1.0
10" e and the sheet resigiance of 176 02 2q7" (21 poom e
peraiure) in our FGT graphene heterostructure are close o the
values abtadned for the provioudly studbed Fe,GeTe, fgraphene
heteroatructure (7 % 100 e and 1503 sq~', respectivedy)./ =
The observed hysteresis loop superimposed onto the OHE at each
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temperature originates from the anomalous Hall effect [AHE]),
itz signal strength being propartional to the out-af-plane mag-
netization. The nearly square-shaped loops and the finite coer
civity ahserved for temperatures up to 360 K provide clear evi
dence for F{'munagnrtis:n wiell abowe room fempertune with a
rohust PMA. Similar results obtzined for an =10 nm FGT Alm
are shown in Fig:urr 52 |5upp-n-:r|ing I||'Ii:|r.|nu|:ii:|:1]. Far the des
termination of the Curie termperature, we adopt the commonly
wsed method based on the Arrott plot™ 1 o ? is plotted against
paHp, . where g, s the AHE part of the Hall registivaty afber sub.
tracting the linear background of the OHE contrilnnion [see alsa
Figure 53 in the Supporting Infermation). From the linear fit in
the high-held ranges of the Arroit plots in Figure 3, the inter
cepts a the o, ® axis are eutracted for each temperature. As shown
in Figure 3¢, these intercepts exhibit a livear tem peraturne depen.
dence in accordance with Arrott’s theory” ™ Finally, a Curfe tem.
peraiure of T = 390 K i extracted from the extrapolation to 2ero
intercept by a linear At (red line in Flguare ez seo alss Figuee 52
in the Supporting Information). The same T (8 obabned from
the tempesatire decays of the remmanent AHE reslstivity and the
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Figurs 3. Cuies tempefaluig detedminal=on uiing mlgonelobandpet mesturements Tor & Te capped, 15 am chick FOT fitm an grapkeneSiC00001). &)
Hall resisteity My measured dunng upward snd dowmeand yweeps of an extermal magnets Flell:l at wariows temperaures. with the sweeping directicns
indicated by arows. The square-shaped hysteresis baopa resull froem the AHE k) Arroit plot [o, 7 sgaisst pH ) estracied froen AHE data, whete gy is
the AHE pan of the Hall resimtivity, The linear dependencies in the large feld range ate indicated ax red lines. ¢} Infecepts ol the o5 * min of Asrott plots
as & functon of temperature, The Cune termperature T is determired from the enrapelation to rero iImercept from a linear fit {red kne] of the data.

coercive field (Figuse 53, Supporting [nformation). This value
is sagnificantly higher than those previously reported for single
crystals jor flakes) a3 well as lasge-area Blms of Fe,GeTe, (T- =
220 K),B-SA0 B GoTe, (T = 270 K'Y and Fe, GeTe, (0<%
=04, T = 280-320 KL75P230 Oy the transition emperature
recently reported for MBE-growm Fe, GeTe, /B4, Te, heterosiruc.
tures [T, 32 high as 570 K) surpasses this value, 1"

The high T, value approaching 400 K is in agreement with
a recent theoretical prediction for the Fe,GeTe, phase;!'" how-
ever, it differs from other experimental reports for Fe_ GeTe,,
This could be related 10 the existence of thicker single vdW FGT
layers, as observed by STEM. It is anticipated that a gradual in-
crease of the Fe contemt within individual layers will result in a
larger number of nearest Fe neighbars per Fe atom, enhancing
the spin-pair exchange interaction and consequently the Curie
temperature, In fact, recent theoretical investigations predicted
PMA and T, vahees of 450 and 570 K for layered Fe, GeTe, and
FeyGeTiy, respectively) ™ Therefore, in the cse of sur samples,
the existence of similar phases with Fe composition higher than
5 could, in principle, lead to an cffective T value that is superior
to that ﬂfpuu Fe, _.GET-:‘. Mevertheless, in order 1o 'reri.'F_r this
hypathess, future growth experiments will be conducted aim.
:ing at the stabilization, and #alation, of such Fﬂ'u.'n::. Fin;llg.-.
note that the tetragonal FeTe phase detected by GID and XRD
[Figure The) and correbated 1o the surfice nanoislands observed
by AFM [Figaire 1d) is not expected to contribute 1o the chserved
fercormagnetisn due 1o 115 anti-ferromagnetic nabure [Néed e
perature of around 7o K

The magnetic properties of te FGT filen were funther ivesti.
gated by SOUID magnetometry. Figure 4 displays the remanem
magnetization obtained for both cat-of-plane (01 and in-plane
(1P} configuratbons aa & function of lempersture (3 backgroqmnd
sigmal cased by thse 510 subsirate has been subtracted; Figuere 54,
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T(K)

Figure 4. Remanemnt magretization M oblained by SQUID magnetome-
try a1 & function of temperature for 1P and 0 corfigurations on the same

sample poece of & Teacapped, 15 nm thick FGT film on gra pheeref SiC [0001)
with an FGT volume of about 1.07% - mm?, The background signal ceig-
Enating from the ST substrabe was subtracted (Figure 54, Supporting In-
‘nrn—.ll'r:ln].

Supporting Information), The clearly larger remanent magneti-
zation in the OP configuration confirms the PMA in our FGT
films, Furthermare, it is clear from the decay of the OF rema-
nent magnetization that ferromagnetic order persists well above
roar temperatire, I agreement with the result extracted from
the AHE measuremints, The Fe atoms on the five inequivalent
lattice sites in Fe,GeTe, are expected 1o exhibit rather different
magnetic marments-* The average magnetic moment per Fe
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Figure 5. Temperture deperadence of the Fe L, XMOD manimum in re-
manence (I T]. narmalized by its value in saturabcn (6 Th, The extermnal
magnetic field was appled alang the direction perpersdicular to the sam-
ple surface {oud-of-plane, red trisngles) and at 307 fram the wamphe plane
[im=plane, black circles). Inset: Hysteresis loops recorded at the Fe L, edge
at 3 K Ios both -:urrﬁgl.lu'l'u:lfrl. where dats have been normaliied by the
walue in saturation (6 T).

atom chtained from the SQUID data measured at 2 K is 1,37
My, considering the average Fe concentration of 4.8 as abined
by RBS measuremnents. This result falls into the range betaeen
0.8 and 26 py per Fe atom coversd by reporied experimental
wahaes 71

HAS and XMCD measurements were employed 1o investigate
the atomic-scale magnetic properties.* Figure 5 shows the re
manence of the dichredc :ipu1at B=0T tj‘nl'[!'l:l]itﬂib!f it value
a1 B= 6T}, for both grazing (207 from the sample plang) and nor
mal incidence geometries, as a3 function of lemperature. A1 low
ternperatuse, the sanuple has a PMA, ag evidenced by the langes re-
manence in the perpendicular direction (red trangles). Howeyver,
above T= 220 K, the measursd magnetization undergoss an i
plane reorientation transition. The spontaneous magnetization
persizts above roorn temperaiure (Figures 56 and 57, Supporting
I mfosmaiion).

We performed a sumi-rule asalysis on the XAS-XMCD spec
tra ot T = 3 K to extract the aomic magnetic nomients of Fe
atoms (Flguare 35, Supporting Information). We oblained an ef-
fective 1otal magnetic moment in mermal incldence (e, net cor-
rected frem the intra-abomibc dipole operater T,) Mg = 113 £
015 yg per Fe atom, in reasenable agreement with the value
obtained by SQUID, The lower value found from this analysis
might be due to the Fact that net all Fe atoms probed in XAS
contribube to the magnetic signal obtained by XMCD ez, those
part of anti-ferromagnetic FeTe nanoislands do not contribuse);
thus, thiz value is an underestimation of the actual Fe mag-
netic mement in FGT, This analysis also allowed us t-e;r extrat
the orbital moments measured in normal incidence m' = 0.03

pg/Fe and the difference bﬂ'wrn perpendicular and in- phnc or-

bital moments &m; = mll - m, P ehat is proportional to the macro-
mpir.:ni.mtmp}' 11 itirserant m:im:ll'tn'n maderials .:nnl;rnling bk
Bravwe= model " We found |!|.|u1:. < Q0 pp, consistent with
the small =|1:iml|:|:||:|}'-|:|l:-hnrd in narmal [rrd curve aml gr.ﬂ!mﬂ

{black curve) hysteresis loops shown in the inset of Figure 5.
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Figure 6. Longitudinal magnetoresisiance and weak locahzatien im an
FGT fgraphene heterostnacture. af B, versus W measured 31 4.3 K. The
dished arrows imdicate the sweeping directions. The red ling irdicates a
H* .deperdent positive magnetoiesistance characteristic fos carrier trans-
pon im graghens whereas the pink area kighbghts the resistance up-turn
due to weak localzation, ) The magnetsc-feld induced vasiation in the
lengitudinal conductmity Aa gy (H) | &g (H) = a8, (0] can be well fitted by
the HUM equatsan [pink hirse) in the kee field range dunmg a down sweep al
the external field. The obtained fitting parameters coerespand to a phase
coharence length u'fl* = £V nm, The kongitudiral conductivity hid Baan
caboulated using the refation o, = /(R & WiL) wath W and L being the
wimphe widih and cantaet bength, reipectively,

A T, above room temperature, a8 observed in XMCD, i3 in
good agreement with ierature values for Fe,  GeTe, with x
ranging from O o 032 Certadn discrepancy observed be-
tween XMCD, SQUID, and magnetotransport resulis, bn terms of
remanence, anisctropy and T may be stribasted bo the feot that
the different experiments probe different pans of the FGT film.
While SQUID probes the whale Al the detection in XMCED s
restricted to the wpmest FGT layers (=5 nm). Ax observed by
STEM (Figure 2a), this area is formed exclusively of single layers
with tlse Interlaver spacing expected for Fe,_ Gele, with x being
close 1o 0, Also, the grazing geometry measured in XMCD does
mat carrespond to & purely in-plane component of the magnetiza-
tigmn. bt instead it has a coniribution frem the out-of-plane cone,
For the magnetotranspert (AHE) measurements, the acnaal cur
rent distribution between the different FGT components and the
graphens film is essential but difficult 1o determine,

Finally, it is important to verify the functionality of the
graphene film after FGT synthesis, Figure & displays the longi:
tudinal magnetoresistance (R, ) of the FGTjgraphene stack mea-
sured at 4.3 K under a perpendicular magnetic ficld. The appar-
ent hysteresis is caused by the magnetization switching in the
FGT flm, while the Hjudqprn&'nt Fnu.il:ike :rr|.=.3;|'|:l|:r|'rii.1-l.lr||:r
1rrd.]i.n:b.:nd thi pf.'nl! irdisced 11}' weak localization at sero held
{pink square area) are typical characteristics of the carrier trans.
port in graphene 9 Thiz abservation reveals the occurrence
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af strang fuanium imterforence affiscts for the slectron motion,
demonstrating that the high quality of the graphene Alm i main.
tained during the overgrowth by FGT. In the presence of 2 mag:
nelic feld, the strength of weak lecalizatson i the 2D case can
b described by the Hikami-Larkin-MNagacka {H LN} equatian™"|

) I

where As_ (H =0 (H] - o (1§ = the corresponding chatige
in e longitudinal conductiving. Here, g i the Digamma func.

tion, M isthe phase coherence characteristic field, his the Planck
constant, and ¢ is the elempentary eleciron charge. [n the low field
range (from 0.2 10 0 T during downsweep of the external feld
1o avioid the influence of magnetization switch). owur data can be
well ftted by the HLN equation using « and H, as {ree parame-
ters as shown by the pink line in Figure G The obtained o =10.45
is in accordance with previously reparted values and, therefore,
confirms the quinmm origin of the resistance wpturm,* Based
on the extracted jr, H, = 1,67 mT, a phmmhmnﬂ' length of I,
= 21 nm |r.-l:|t~:hu.'n:rfrum igH, = hifigel . The obtained [, is
comparable to a previously wpnrrcd value IE:r epitaxial graphene
an Sil':-.l“""l

3. Conclusion

Our pesulis demonstrate the successful growth of a large-area
20 heterostructure with high quality of the individual FGT and
graphiene components, as well as.of the interface between them,
which was previcusly schleved only by manually sssemibling
flakes af the different materials. This constitubes 3 critical step
toweard the implementation of these materials in fture technolo-
gies, Morpholegical and structural characterization revealed the
fabrication of contimeous heterostrecture films with a sharp in-
terface between FGT and graphene, Interestingly, stacking faults
related to the presence of single vdW layers with thicknesses ex-
cevding those expected for the Fe,GeTe, phase are identified by
STEM. We expect these to be FGT phases with Fe composition
higher than 5 and potentially enhanced magnetic propertics, Fu-
ture investigations will be carried ouf to clarify this aspect, Dif:
ferent methods used to study the magnetic and transport prop-
erties revealed that the ferromagnetic onder persists well above
roam temperature with perpendicular magnetic anisotropy. In
addition, the underlying graphene film continues to show quan:
tum featwres in ies ebectronic properties, attesting to the conser
vation of its high quality afier vd'W epitay of FGT.

4. Experimental Section

Eptacead Graphird o 50 Semi-indulsting 4H-5C0001) substrates
with sizes of either 1.0 om % 10 om or 0.5 om . 1.0 cm were chemically
cleaned in n-butyl acetmte, sceione, srd propanal, After chat, they were
bzaded im an induction-heated furmace pumped down Bo 3 base pressure of
107" rribar. Inonder to remove fwifice inegularities snd ereste well-defined
stepped swsfaces, an H-etching treatment was performed at 1400 “C
for 1% min in forning pat abmsssphese (859 Ar amd 5% H;) Before
graphene growth. Symthesis of epitanal graphene was finally achieved via
surface graphtization at  temperaiure of 1600 *C for 15 min in Ar simo-
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sphere, Both H-etching and graphene growth were performed 8t 5 pres-
sure af B0 mbar ard a gas Now rate of 500 scom, Further informaticn on
the formation of the epstanial grapherse om S6C and the influence of the Sof
merphology can be foaind elvewhere 1950

MBE Growth of Fey_ CeTey: The =10 and =15 nen chick FGT films
were prowr in ulirshigh vasuim [UHY, 2 base pressure of siound §
10" mbar) wsing high purity Fe, Ge, and Te evaposated from efusion
erlhy a1 1330, 1050, and 308 °C kot lip a1 440 *C), reapectively The flux far
each elemert was obtained by measunng the beam equivalent pressure
srnpleping a presiies gaugs, Baned an the film composstion obtamed by
RBS analyses, the S ratios were calibrated aiming at the growth of flms
wilh the namined compsitsan, |8, F-n,ll.'.l-'l-:.-? Thee gora ploerse5iC (000 1)
templates were puigassed at 450 “C for 21 least 1 b and then cooled to
100 *C for FOT growth. Prior to that, they were coated with 1 pm of Ti on
the backside wia electron beam evaporation bo allow noncontact heating
by rackation. bn situ growth maonitonsg wis performed by RHEED. Finally,
the FGT hlma were capped in siba wilh an = 5 nm thick Te layer deposiled
afier sample coodng o teom emperature. This prooedure was adopted
i arder Bo gvoid Elgrl-"ﬁ:lrll: surface sodstion wpen air expoaure, Dinky the
AR, XRD, and FBS analyses were performed using uncapped samples.
For AFM ard MRD, the messstementy could Be started within s few min-
uies after the sample was unfoaded from the MEE system. For the RES
arubyiiy, the Te capping v wmeanted n ander to Twcilitate the compoti-
tiomal analyses. |n this case. the samples were measured about J days
afiei wnleading fnam the MBE wyitém

Ruthedond Bockucaltsring try.  The composition of the sam-
ples wak inveitigated by meard of RAS wing 1.4 MeV He' joos with &
scafierning amgle of 1707, Their shoichiometry was determined by imtegra-
tion all the areal denminy fhem the well-separated elemmental sigrak of the
differeni elements [Fe, G, and Te}

Ajoreic Force Micrsscopy:  Thie surfics topagra phoy ol the FGT filres was
imvevligated via standard tapping mode measurements parformed in am-
et conditeons, The measurements were performed in unapped sam-
phes within bours after MBE growih.

X-Roy Diffrection:  Lab-based omsega fitheta scans were recoeded with
a canyenticngl X'Pert Pro MED from Mahwern Parmalical using Cu-Kal
radiation (4 = 154056 A) as selected by a hybrid monochromator. The
miednammenl were parlacmed on uncapped samphes withen haur afer
MBE groswth.

Spachrotron-Bowed Gilx  Thiv cxperiment wis performed at the AM23-
EplLine beamfine at The European Synchrotron [ESREF) in Grenchle. An
mcidencs arghe of the ilumensting K-ravs of 0.2 sulficiently wuppreiies
sbrong scattering by the sisbstrate, and thus malkes this method baghly sur-
fice sensitive. An K-ray wavelengih of 0.F35 & (ceerespanding 1o s pheton
erergy of 17 ke¥), selecied by a 56[1117) monochromator, enabdées the in-
apection of & comparitively lange sred an reciprocal space, which |5 impas
tant for accesiing mailiple reflectans of the same lattice plare family

Transmizwon Electron Mécroscopye  The thin lamellas imaged im the TEM
expetimenty were prepared ubizing o [EOL FE-4501 facued ion-beam
[FIE} microscope. A |EOL AR 200F aberration-corrected mécroscope was
aperabed in STEM meade at 200 KV with a beam current of 81 A, A HAADF
detector was wsed 1o acquere the images with inner and outer collection
arghes of 54 and 320 mrad, respectively, whareas the brigh Reld deteciorn
hizd & collaction angls of 3 mead.

Mopastotramsipont Chamcterization:  The magnetalfanipor] meaiune-
ments were carried cut on a rectangular strip of the FGT/graphene het-
erodiructie bonded an & chip corrier with A) pantaet weet. & eormtint
current of I, = 300 mA was applied along the long side of the stnp {s-
directicn] through twe contects date to the edpes of the strip. For the de-
temmination of the longihadinal resistance, the woltage (V) befeeen feo
mner contacts wad meeatured. The Hall voltage (¥, ] wis measured in ike
arthogonal dicection (pdirection] between two contacts cloze o the center
ol the sirip. The measuremsers wene performed 4t temperatunes between
4.3 g 400 K uncler vacuam corsditians ['Il:l"-lﬂ"’ mbuad]) with an exter-
nal perperdicoulsr (rdirection) magretic feld of up to 0.8 T

SO Magnedometrp,  The magretometry magismments wein ped-
formed by a Quantum Design MPRAS SXL SQUID at various temperatures
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bebween 2 ard 375 K with an appled magnetic hicdd of up b 4.5 T slang
beath (3P and P divections, using the same sample

XAS and XMED:  MAS spectra a1 the Fe Ly and L, edpes were recorded
in BL-Z9 (POREAS) bearnline!™) a1 the ALBA synchrotron |Spain], which
provides an wtrahsghvacusm samsple ersironment with a base tlempera:
ture of =3 K and o magreetic field B of up 1o & T. Mesturemenis used tolal-
electron yield detection, where the draim cumrent was measured from the
sample 1o the ground, The magnetic feld wai applied aleng the Xy bearn
koth at monmal and grazing incidence [20°) relative 1o the sample plane in
crder bo ablain mfarmation en the col-of-plane os weil 34 in-plane mag-
rietization, respectively XMCD was obtained by calodating the difference
kertreen XAS speetrn abisired witk the photan helicty vectar amliparsliel
and parallel 1o the magnetic field [see the Supporting Informatéon),

Supporting Information

Supponing Inloemation 5 sailable from the 'Wiley Onlire Libeary or from
Ehin anitbear,
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