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HIGHLIGHTS

e Optimization of the PLD procedure used to obtain stoichiometric GeFe;O4 films.
o First obtention of low roughness, well-crystallised, epitaxial GeFe,O,4 thin films.
e Possibility to tune the magnetic order temperature by changing the Fe/Ge ratio.

ABSTRACT

Magnetic frustration is a key research focus in condensed matter physics, where competing spin-spin interactions give rise to emergent phenomena that challenge
conventional understanding and lead to topological effects with potential applications in quantum technologies. The direct spinel GeFe;04 has recently garnered
renewed interest for the plethora of magnetic behaviours it is able to demonstrate. Here, we report on the pioneering stabilization of GeFe;O4 thin films via pulsed
laser deposition on MgO (001) substrates. The ablation procedure has been optimized to counterbalance the large volatility of the Ge species compared to the Fe ones,
granting a fine control over the compositional homogeneity and stoichiometry of the films. Atomic force microscopy measurements rendered thin film surfaces with
very low roughness values in the range of 0.2 nm, and X-ray diffraction data confirmed the epitaxial growth of the films and their high crystallinity with no detectable
presence of spurious phases. SQUID magnetometry measurements revealed the expected antiferromagnetic behaviour, albeit with ordering temperatures higher than
the expected bulk value. This discrepancy could be explained accounting for a small deviation from the direct spinel structure, as unveiled by resonant elastic X-ray
scattering measurements, and from the resulting partial occupation of the tetrahedral sites by Fe atoms. Finally, varying the laser fluence we could tune the Fe/Ge
ratio and provide a control over the ordering temperature from a modification of the spin-spin super-exchange network paths. Our results pave the way to further
studies to explore emergent magnetic properties in GeFe;04-based heterostructures.

1. Introduction a direct spinel oxide crystallizing in the Fd3m space group with a lattice
parameter of 8.4127(7) A. Magnetic Fe®" ions sit in the octahedral B

Research on frustrated magnetic materials is a very active field, as sites while the non-magnetic Ge** ions are positioned in the tetrahedral

demonstrated by the extensive body of publications [1-7]. Among the
magnetically frustrated materials, complex oxides with the AB,O4 spinel
structure are of special interest due to the high frustration associated to
the triangle-based geometry of the pyrochlore sublattice formed by their
B sites [6]. In GeB204 compounds the antiferromagnetic behaviour is a
pure result of the aforementioned highly frustrated pyrochlore sub-
lattice [8-10].

Among this family, GeFe;O4 (GeFO), a mineral of rare natural
occurrence also known as brunogeierite is of particular interest. GeFO is

* Corresponding author.

A sites with the oxygen in a peculiar (u,u,u) position close to the u =
0.25 ideal case [11,12]. This close-to-ideal oxygen location makes GeFO
the most symmetric of the spinel compounds, extremely attractive for
magnetic frustration phenomena where equidistance is a key parameter.
Perfectly stoichiometric GeFO can be seen as the archetype of the
magnetically frustrated compound where all neighbours of the magnetic
cation are equivalent [13].

Early studies have shown that GeFO was antiferromagnetic below ca.
10 K [14]. More recent results have demonstrated that there were in fact
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two magnetic transitions, at ~ 9 K and ~7 K [11]. Barton et al. also
observed two magnetic transitions in GeFO, close to 8 K and 6 K [15].
Contrary to what is observed for other germanate spinels (GeCo204,
GeNip04 [15,16]), the GeFeyO4 structure shows no distortion in the
crystal structure and remains in the cubic Fd3m space group below the
Néel temperature. Perversi et al. reported the presence of incommen-
surate long-range spin amplitude waves in GeFe3O4 [11]. They showed
that one-third of the Fe?* spins remained dynamic below the magnetic
ordering transitions due to a frustration wave order in GeFO. The
conclusion of the calculations performed by J. Luo et al. were different
[17] and showed that GeFO can be described by a glassy magnetic state.
These discrepancies in the scientific community show how much the
frustration in GeFO is complex and can conduct to various different
magnetic behaviours. One must note that the spinel structure of GeFO
also holds potential for non-magnetic applications, including their use as
an anode in lithium or sodium ion batteries [18-20] or as an electro-
catalyst for urea oxidation reaction [21].

Although stoichiometric GeFO could be rather easily synthesized in
its bulk form, both in single crystals [22,23] and powders [11], the high
volatility of germanium oxides [24] makes the elaboration of stoichio-
metric GeFO thin films a very difficult task. There are only a few papers
reporting the elaboration of GeyFes 4O4 thin films [25-28]. Abe et al.
elaborated GeFO films on Corning glass substrates by radio frequency
sputtering but the highest x value they could reach is 0.3 [26,27]. M
Seiki et al. deposited GeyFe3xO4 films by pulsed laser deposition either
on SrTiO3 (111) substrates under an oxygen pressure or on Al,O3 (0001)
substrates under vacuum [25,28]. The highest x value they could reach
was of 0.94, obtained with the second conditions. There is no work in the
literature that mentions obtaining a x = 1 compound. Nevertheless, this
remains essential for achieving the theoretical antiferromagnetic
behaviour. None of the mentioned papers studied the homogeneity of
the Fe/Ge atomic ratio throughout the layer thickness, although this
parameter can easily be subject to variations during the deposition
process, as we will see later in this article.

Here we report a thorough study undertaken to grow GeyFesO4
(001) thin films (with x in the [0.91-1.2] range) onto MgO (001) sub-
strates, by pulsed laser deposition (PLD). To achieve a thermodynamic
stability of the GeFeyO4 phase in the laser-induced plume, thereby
allowing a good degree of stoichiometry and homogeneity of the
epitaxial GeFO films, we considered several aspects of our ablation
process, such as the nominal stoichiometry of the target, the ablation
history and the preferential ablation of germanium over iron. As a result,
we could obtain perfectly stoichiometric GeFO thin films. We extended
the study to the tuning of the antiferromagnetic behaviour of the GeFO
thin films by varying the kinetics of the ablation process itself. In
particular, the ordering temperatures could be varied through the con-
trol of the partial occupation of the tetrahedral sites by Fe ions. The
cationic distribution of the GeFO spinel structure in the thin films was
determined with precision by resonant elastic X-ray scattering (REXS)
measurements.

2. Materials and methods

Thin films of GeFO were grown on MgO (001) substrates (Codex
International) by PLD. Two mixed-phase ceramic targets of different
molar compositions, [GeOy:FeoO3] = 1:1 or 1:1.5, were obtained by
sintering a mixture of FeyOs (Strem Chemicals 99.8 %), and GeO,
(Rhone-Poulenc 98 %). These precursors were weighed in appropriate
proportions, then manually milled and ground for 20 min in an agate
mortar using ethanol as a dispersive solvent. The slurry was then dried
into an oven. The resulting dry powder was finally uniaxially pressed,
using a 1.5 T em? load, into a 26 mm diameter pellet which was then
sintered at 1100 °C for 10 h in air.

After optimization, the PLD deposition temperature is fixed to
400 °C. This temperature is low enough to reduce unwanted diffusion
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phenomena between the substrate and the film at the interface while still
permitting a high degree of crystallisation for the film. An argon depo-
sition atmosphere (0.05 mbar) has been used so that Fe can be kept in its
+2 valence state. A KrF excimer laser (Coherent-Compex Pro 102F, A =
248 nm) is used to hit the target at an angle of 45° and with an imprint of
1.05 mm?. The laser fluence was varied between 2.5 and 3.3 J cm’z, and
adjusted to reach the desired Fe/Ge atomic ratios. One frequency of the
laser was used: 5 Hz. The substrate is placed in front of the target at a
distance of 50 mm. Various procedures have been used to scan the target
with the ablating laser, among which continuous scanning with over-
lapping laser spots with or without an important preablation or, on the
opposite, isolated discrete spots. Each procedure is explained into details
in the following parts.

The growth mode and crystallinity of the layers were characterized
in situ at the end of the deposition by reflection high energy electron
diffraction (RHEED). The composition of the samples, both target and
films, was determined by energy dispersive X-ray spectroscopy (EDX)
coupled to a JEOL 6700F scanning electron microscope (SEM). Atomic
force microscopy (AFM) was performed with a Park XE7 (Park System)
in true non-contact mode in order to quantitatively estimate the
roughness of the films. The structure of the bulk target samples was
determined by X-ray diffraction with a D8 Discover diffractometer
equipped with a Cu Sealed tube (AKal = 0.15406 nm), a quartz front
monochromator, a motorized anti-scatter screen and an energy resolved
Lynxeye XE-T linear detector. 6-20 scans were then performed in the
Bragg Brentano geometry. The structural characterization of the thin
films, with 0-20 scans, ¢ scans, and reciprocal space mappings (RSM),
was performed in parallel beam geometry with a Smartlab Rigaku thin
film diffractometer equipped with a 9 kW copper rotating anode and a
double bounce Ge(220)x2 front monochromator (Ky; = 0.15406 nm).
The same set-up was used to perform X-ray reflectivity (XRR) and check
the thickness of the films. Transmission electron microscopy (TEM) was
performed with a JEOL 2100F Cs corrected, operating at 200 kV, with a
0.2 nm point to point resolution in TEM and 0.1 nm in scanning TEM
mode (STEM). The TEM set-up was also used to determine the elemental
composition at a nanometric scale using a SDD EDX spectrometer. The
germanium and iron contents were determined using the K-shells. The
magnetic properties were determined using a superconducting quantum
interference device magnetometer (SQUID VSM MPMS 3, Quantum
Design). The temperature dependence of the samples magnetization was
measured from 2 to 250 K under a field ranging between 0.005 and 0.1
T, in both zero-field-cooled (ZFC) and field-cooled (FC) modes. The
magnetization (M) versus the magnetic field (H) were also measured
with a field ranging between + and - 7 T and temperatures between 10
and 300 K. The measurements were performed in the parallel configu-
ration, i.e. with the applied magnetic field parallel to the sample. The
cationic distribution could be determined from Resonant Elastic X-ray
Scattering (REXS) experiments in the X-ray Absorption Near Edge
Structure (XANES) domain (also known as Diffraction Anomalous Near
Edge Structure (DANES)). REXS spectra were acquired at the Ge edge
(11.1 keV), spanning by 50 eV below and above the edges, for the 111,
115, 202, 333 and 422 reflections. The synchrotron experiments were
carried out on the collaborating research group (CRG) D2AM beamline
at the European Synchrotron Radiation Facility (ESRF, Grenoble) [29].
Samples were mounted on a seven-circle diffractometer equipped with
various photodiode detectors allowing recording the intensity of the
incident beam Iy, the intensities of the diffraction peaks and the fluo-
rescence of the samples. The rotation matrix was preliminary deter-
mined with the help of different in-plane and out-of-plane reflections.
Anomalous factors f* and f”’ were extracted from the fluorescence data.
The knowledge of fy, f* and f* allows the simulation of the scans for a
given set of structural parameters. The refinement of the experimental
spectra was performed by minimizing the sum of all reliability factors
for all reflections and edges through a stochastic basin-hopping algo-
rithm (FitREXS program [30]).
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3. Results and discussion
3.1. Standard ablation conditions

First thin films depositions were performed by directly ablating the
as-prepared mixed-phase target [GeOs:FeyO3] = 1:1.5, without any pre-
ablation process. The laser fluence and repetition rate were 2.5 J cm ™2
and 5 Hz, respectively. Fig. 1 schematizes the laser displacement on the
target surface during a standard ablation procedure, with, for clarity’s
sake, deliberately increased sizes and decreased numbers of laser im-
pacts with respect to reality. The imprint of the laser can be approxi-
mated to a rectangle (in reality the corners are rounded) having a height
of 1.5 mm and a width of 0.8 mm. The ablated pattern consists of 50
lines of 100 spots each. The horizontal distance between two consecu-
tive spots is 0.06 mm and the vertical distance between two consecutive
lines is 0.09 mm. A deposition is made by repeating the pattern 4 times,
resulting thus in 20 000 counts.

Films deposited with this procedure were characterized by STEM and
STEM-EDX in cross section (Fig. 2). The films are 16 + 1 nm thick
(Fig. 2a), which corresponds to a 0.24 nm min~' growth rate. The
composition profile of the cross section determined by EDX elemental
analysis is presented on Fig. 3b and c. The atomic concentration of iron
(germanium) increases (decreases) with the thickness of the film,
resulting in an increase of the Fe/Ge atomic ratio. The value of this
atomic ratio spans from 1.1 at the substrate-film interface to 2.5 at the
surface of the film. Considering the nominal stoichiometry of the [GeO3:
Feo03] = [1: 1.5] target, one should observe a Fe/Ge atomic ratio of 3.
The experimental value is thus lower than the expected one within the

0.8 mm
a) b)

1.5 mm

First laser
imprint

After 3
laser shots

End of the l
2" Jine

f)

Beginning of
the 3™ line
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whole film thickness. Moreover, when closely looking at Fig. 2c one can
note that the Fe/Ge atomic ratio is not linearly increasing as a function
of the distance from the substrate, but rather increases by steps of ca.
1-2 nm followed by a stable period of 2-3 nm.

PLD has earned its spurs as excellent method for depositing complex
oxides as it allows stoichiometric transfer from the target to the film. One
of its major achievements is probably the first successful preparation of
thin films of Y-Ba-Cu-O superconductors [31]. This stoichiometric
transfer relies on the fast and strong heating of the target surface by the
intense laser beam which results in a global transfer of the target material
as a high temperature plasma [32]. However, there are also some reports
of non-stoichiometric transfer in PLD processes [33]. Among the mech-
anisms proposed for the deviation from stoichiometry, one can cite
preferential ablation of one compound from the target, preferential
re-sputtering by the ablated species at the films surface or differential
scattering of the ablated species in the chamber atmosphere. In the case of
PLD elaboration of GeFO, stoichiometry is a major issue, as reported by
Seki et al. [28] who could only reach a Geg g4Fe2 0604 composition, using
a target with a GeOy:Fe;0O3 molar ratio of 12:1. The stoichiometric
transfer is probably majorly jeopardized by the fact that Ge species have a
greater tendency to volatilization than Fe ones [24,34,35].

The evolution observed in Fig. 2 can also be explained by the pref-
erential ablation of the germanium species with respect to the iron ones,
which induces a modification of the target surface composition after
each laser impact. The higher the number of impacts, the higher the
concentration of the target in Fe species. This evolution of the Fe-Ge
composition of the target during ablation can be easily understood by
referring to the sketches shown in Fig. 1. The darker regions correspond

c)

End of the l
1st line

d)

Beginning of
the 2" line

g)

After n lines

Fig. 1. Scheme of the laser shots path on the target surface during a classical ablation procedure. a) first laser imprint, b) after three laser shots, ¢) end of the first line,
d) beginning of the second line, ) end of the second line, f) beginning of the third line and g) after n lines. For clarity’s sake, the ratio between the laser spot width
(height) and horizontal (vertical) displacement is 3 (3) here, instead of 14 (17) for the real sizes.
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Fig. 2. a) and b) STEM cross section images of the film deposited in classical ablation conditions. ¢) STEM-EDX elemental analysis showing the evolution of its iron
and germanium composition and of its Fe/Ge atomic ratio in the cross section. The experimental points presented on Figure c) correspond to measurements per-

formed on the spots indicated on Figure b).
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[1:1.5] target surface, a) and b) correspond to the same surface of the target before

ablation, ¢) and d) are obtained after the standard ablation procedure, e) X-ray diffractogram of the unablated [GeO,: Fe,O3] = [1 : 1.5] target.

to the areas with higher number of laser shots so with the lowest
(highest) concentration in germanium (iron).

When considering the ratio between the height of the laser impact
(1.5 mm) and the vertical displacement of the impacts (0.09 mm), one
can see that it is only after 17 lines (3 in the illustrative Fig. 1) that the
laser will hit similarly impacted areas. So, due to the preferential abla-
tion of Ge, a stable composition in Fe and Ge can only be reached after
17 lines for each pattern (17 x 100 spots, i.e. 1.4 nm), if neglecting the
first 14 shots of each line (which correspond the 0.8 mm width of the
laser spot divided by its 0.06 mm horizontal displacement) for which the

Fe/Ge composition is not yet stable (this only represents a thickness of
0.01 nm). The rest of the pattern, (50 minus 17) lines x 100 spots, cor-
responds to a deposition thickness of 2.6 nm. This explains why one
observes a 1-2 nm of increase in the Fe/Ge ratio followed by a stable
period of 2-3 nm four times, since the pattern is repeated four times.
To confirm that the germanium species of the target are preferen-
tially ablated with respect to the iron species, the target has been studied
by SEM EDS and X-ray diffraction before and after ablation (Fig. 3).
The target before the ablation process, as imaged by SEM (Fig. 3a), is
smooth and dense; these are perfect properties for suitable ablation
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processes. Its analysis with EDS gives an overall Fe/Ge atomic ratio of
2.9 £ 0.3, in perfect agreement with the expected composition for
[GeOa: FepO3] = 1:1.5. Fig. 3b shows Fe- and Ge-rich regions, randomly
dispersed. The area of these regions (ca. 1 pm?) is significantly smaller
than that of the laser beam (1 mm?), which ensures that the ablated zone
is homogeneous with respect to the size of the beam and has the global
expected composition. The X-ray diffraction (Fig. 3e) reveals that the
target is composed of a significant amount of GeO, and FeyO3 and a
smaller quantity of FegGe3O1g.

After the ablation process, the aspect of the target is totally different
(Fig. 3c) from what it was before ablation. Its surface takes a columnar-
like shape mainly composed of iron species. The composition of the apex
of each column is very close to being 100 % iron species. The Fe/Ge
atomic ratio of the entire Fig. 3d (ablated target) is 6.0 + 0.3, which is
the double of the initial value (Fig. S1). This result confirms that during
the ablation germanium is preferentially ablated with respect to iron,
which remains on the target as the main component. Similar observa-
tions can be made on the [GeOj: FepO3] = 1:1 target (Fig. S2).

In order to overcome the problem of germanium preferential abla-
tion and in order to obtain films with a homogeneous composition, two
other ablation procedures have been tried. With a first procedure con-
sisting in a long pre-ablation of the mixed-phase target, the composition
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of the film was still inhomogeneous. This procedure and the results
associated with it are described in the supporting information. The
second procedure is described below.

3.2. Ablation from target spots of identical history

The previous paragraphs show that the composition of the target is
modified after each laser impact, which results in a modified composi-
tion of the deposited film. We have therefore looked for a way to ablate
spots of perfectly identical ablation-history. Fig. 4 presents a scheme of
the developed strategy.

In this procedure, the ablation is performed in lines, with a hori-
zontal shift between two consecutive laser impacts of 0.004 mm. A pre-
ablation is first performed on this line for 500 impacts, before ablation
proceeds, still on the same line, keeping the 0.004 mm distance between
two consecutive spots. The first 200 spots (the 0.8 mm laser width
divided by its 0.004 mm horizontal displacement) of the pre-ablation
will have non-identical ablation history, but they do not contribute to
the elaboration of the film. The ablation includes 2500 shots. With only
2500 shots, the thickness of the layer would be quite thin. A second line,
9 mm distant from the first one, is thus also pre-ablated and then abla-
ted. The distance is fixed to 9 mm in order to prevent any overlap

0.8 mm
R S—
a) b) c) d) e)
1.5mm — — —>
First laser After 3 End of the pre- First laser Im
: ’ pact of :
imprint laser shots ablation | \ the ablation S |
f f
Pre-ablation Ablation

Fig. 4. Scheme of the target surface ablation with the optimized procedure. a) first laser imprint, b) after three laser shots, c) at the end of the pre-ablation, d) first

laser impact of the ablation, €) end of the ablation.
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Fig. 5. a) and b) STEM cross section image of the film obtained with an identical spot state. ¢) Variation of its iron, germanium and magnesium composition and of its

Fe/Ge atomic ratio in the cross section determined by STEM-EDX.
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between the two lines, as well as to reduce the amount of matter rede-
position coming from the other line. The two lines were first pre-ablated
and then ablated with no interruption during the ablation.

The repetition rate of the laser is fixed to 5 Hz, the fluence to 3.1 J
em™2 and the [GeOg:Fey0s] = 1:1.5 target has been ablated. The
composition of the films thus deposited has been analysed in cross sec-
tion by STEM and EDX (Fig. 5).

Apart from a very thin (=1 nm) interfacial layer which is Mg and Fe
rich, the film is homogeneous in composition, with an Fe/Ge atomic
ratio of about 2 all along its thickness. The mean ratio value, without
considering the interdiffusion zone, is equal to 2.0 + 0.1 which is in total
agreement with the expected value. This ablation procedure thus allows
the growth of homogeneous GeFe,04 films. The darker line seen on the
film (Fig. 5a and b) is due to the diffusion of magnesium from the sub-
strate into the GeFO layer (Fig. 5c), showing that despite the low
deposition temperature there are still some diffusion phenomena. The
total thickness of the film, determined by STEM, is equal to 11 4+ 1 nm.

The RHEED pattern of the GeFO film at the end of the deposition
shows a rather streaky pattern (Fig. 6a), as expected for a layer-by-layer
growth, with the presence of Kikuchi lines indicating both low rough-
ness and high crystallinity of the thin film. This is confirmed by AFM
measurements rendering the very low RMS roughness of circa 0.19 +
0.05 nm (Fig. 6b). The films are well crystallised, perfectly (00I) oriented
and exempt from any spurious phase, as can be seen in the 6-20 X-ray
diffraction patterns (Fig. 6b). Due to the proximity of the GeFO out-of-
plane inter-reticular distances with those of MgO, the GeFO XRD
peaks are hidden by those originating from the MgO substrate. However,

T (204)
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the presence of the GeFO film, as well as the quality of its interfaces, is
well indicated by the Laue fringes around the MgO (00I) peaks. ¢-scans
performed around the 026 and 024 reflections of GeFO and MgO,
respectively, indicate a cube-on-cube growth (Fig. 6d). This result is
confirmed with the 115 reflection of GeFO. The RSM of the GeFO (115)
node (Fig. 6e) is compatible with a GeFO film fully matching in-plane
with the MgO substrate parameter (a = 4.21 A), i.e. fully stressed by
the substrate. One should notice that this does not imply any important
strain for GeFO since the mismatch between GeFO and MgO is only of
0.08 %. The out-of-plane GeFO cell parameter deduced from the RSM is
8.412 £ 0.002 A, also very close to the GeFO bulk parameter of 8.413 +
0.001 A. The thickness determined by XRR, 11.67 + 0.02 nm, is in
agreement with the value determined by STEM (11 + 1 nm). The SEM-
EDS analysis gives a Fe/Ge atomic ratio of 2.0 + 0.1 which confirms the
value obtained by STEM-EDX.

A magnetic characterization of the film was performed by FC/ZFC
measurements under various magnetic fields between 50 and 1000 Oe
(Fig. 7). The MgO substrates contain impurities whose paramagnetic
behaviour is predominant to their expected diamagnetic one at low
temperatures, as visible on Figure S3 a) and b). On Fig. 7, the para-
magnetism of the MgO substrate was subtracted, but the curves were not
corrected from the diamagnetism of the substrate, which explains why
the plotted value of susceptibility is negative. All plots show a maximum
at about 40 K, indicating a transition towards an antiferromagnetic state.
This transition is not due to the MgO substrate as it is not visible on the
ZFC curve of the substrate alone (Fig. S3a). This susceptibility maximum
of ca. 40 K is higher than those reported in the literature (~10 K) for

c)
&
8
2 S| 5 3
< 2| 2 5 150
©
: = -
£ 2
© £ ‘
= e \‘MW WH‘M m 180 o3y
"5 36 38 40 42 44 46 48 90 92 94 96 98100
2 26()
2
= 210

40 50 60 70 80 90 100
26(°)

e)
0.63
60
(208) 062
| 30
4)« GFO (115) 0.61 +
i
afly \ £~ 0.60
MgO (024 o <
— 0 ~
GFQ(026) ¢ ( ) I’ 059
0.58 4
330
GeFO 0574
f 0.56

T T T T 1
015 0.6 017 018 0.19
Q (A"

Fig. 6. Morphological and structural characterization of the film grown in the optimized conditions. a) RHEED along the [110] direction of the substrate, b) AFM
topography (2 x 2um?), ¢) 6-20 X-ray diffraction patterns, (d) ¢-scans around the GeFO 026 and 115 and MgO 024 reflections together with the scheme of the GeFO
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film fully matching in-plane with the MgO substrate.



L. Schlur et al.

0.00
——FC 50 Oe
——ZFC 50 Oe
1 FC 100 Oe
& 01 —— ZFC 100 Oe
E ——FC 500 Oe
By —— ZFC 500 Oe
g -0.021 ——FC 1000 Oe
= —— ZFC 1000 Oe
5
~ -0.03
=
-0.04 -
0 50 100 150 200 250

Temperature (K)

Fig. 7. FC and ZFC measurements of optimized GeFO samples under various
fields between 50 and 1000 Oe. The clear maximum at about 40 K, indicates a
transition towards a strong antiferromagnetic state.

GeFO, but one has to note that these reported values are for poly-
crystalline samples [11,15].

This discrepancy could be due, at least partially, to a different
cationic distribution within the sample. A very small deviation from the
expected total occupation of the octahedral sites by Fe and of the
tetrahedral sites by Ge will yield extra magnetic exchange paths, and in
particular additional A-O-B super-exchange paths. Those A-O-B ex-
changes are known to be the strongest in spinels due to significant
orbital overlaps facilitated by the nearly 180° A-O-B bond angles [36].
Magnetization versus magnetic field curves were also measured at
different temperatures between 10 and 300 K for both an MgO substrate
alone and a sample featuring a GeFO film (Figs. S3b and c). The presence
of paramagnetism for the MgO substrate alone is clearly visible at 10 K
(at higher temperatures the negative slope of the curve is due to

hkl = 111

hkl = 115
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diamagnetism, as expected) and the curves measured for both samples
are in fact very similar. The sample with the GeFO film seems to show
more diamagnetism than the MgO substrate alone, but the slope varia-
tions between the two samples could well be explained by the variable
amount of paramagnetic impurities from one MgO substrate to another
one. The only significant difference between the two samples is the
presence of an opening in the hysteresis loop clearly visible at 10 K when
the sample features a GeFO film. This is compatible with a ferrimagnetic
behaviour resulting from the presence of some Fe atoms in the tetra-
hedral sites of GeFO.

We have used a resonant X-ray diffraction technique to determine
the cationic distribution in our GeFO thin films, following a method
already optimized by some of the authors for other oxides [30]. Once the
anomalous factors extracted from fluorescence, the refinement of all the
recorded spectra was carried out using the FitREXS code, which uses a
Basin-hopping optimization approach [37]. This method iterates by
performing random perturbation of free parameters, performing local
optimization, and accepting or rejecting new parameters based on a
minimized function value and a probability cost.

Measurements were conducted at the Ge edge for selected hkl Bragg
reflections. Fig. 8 presents the computed results for both direct and in-
verse spinel configurations at specific reflections, obtained using the
FDMNES software [38]. A pronounced difference is observed, high-
lighting the capability of probing the cationic distribution solely via the
Ge edge.

Fig. 9 shows the spectra recorded for the film at the germanium edge
together with the results of the refinements. The refined free parameter
is the cationic distribution y, of the theoretical formula: (Ge;.
yFey)Td [GeyFez-y] ohO4.

The results of the refinement lead to a cationic distribution of
(Geg.g1Feo.19)Ta[Gep.19Fe1.81]1on04. This indicates that a small amount of
iron is in the tetrahedral sites, and might explain that the magnetic
transition observed in Fig. 7 occurs at a higher temperature than the
value reported in the literature.

One must note that the physical properties of the GeFO films can
easily be tuned using the Fe/Ge ratio as a lever. Using the optimized
ablation procedure described before, with a laser repetition rate of 5 Hz
and a [GeOy:Fep03] = 1:1.5 target composition, and only varying the
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Fig. 8. REXS theoretical spectra computed for both direct and inverse GeFe,O4 spinel configurations at the Ge a) 111, b) 115, c) 202, d) 333 and e) 442 reflections

with FDMNES software [38].
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laser fluence between 2.6 and 3.3 J cm ™2, we were able to obtain GeyFes.
xO4 thin films of homogeneous composition with various Fe/Ge ratios.
Fig. 10 presents the evolution of the Fe/Ge atomic ratio (determined by
SEM-EDS) of the film with the laser fluence.

The Fe/Ge ratio decreases with increasing laser fluences. Higher
laser energies seem to promote the ablation of the germanium species in
the target. With this method, and with the tested fluence range, it was
possible to vary the Fe/Ge ratio from 1.5 + 0.2 to 2.3 + 0.1, which
corresponds to films with compositions between Gej ogFe; goO4 and
Geg.91Fe2,0904.

For Fe/Ge ratios between 1.8 and 2.3 (corresponding to laser flu-
ences between 3.25 and 2.6 J cm’z), the RHEED patterns at the end of
the depositions still show a streaky pattern (Fig. S4). The low roughness
of the films is confirmed by AFM, with RMS roughness values lower than
0.2 nm (Fig. S5). By further increasing the laser fluence to 3.3 J cm ™2 we
obtained GeFO films with a Fe/Ge atomic ratio of 1.5 which were

26
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Fig. 10. Evolution of the Fe/Ge atomic ratio with laser fluence. The ratio has
been determined by SEM-EDS.

amorphous.

In the remainder of this article, the samples thus obtained with
different laser fluences will be referred to through their Fe/Ge atomic
ratio and not through the fluence used, but it should not be forgotten
that these samples with different Fe/Ge ratios were obtained by varying
the laser fluence.

The structure of the films was characterized by X-ray diffraction
(Fig. 11). For Fe/Ge ratios between 1.8 and 2.3, the films are well
crystallised, perfectly (00l) oriented and exempt from any spurious
phase, as can be seen on the 0-20 X-ray diffraction patterns (Fig. 11a—c).
The peaks originating from GeFO are not visible for a ratio of 2.1
(Fig. 11b) because they are hidden by those due to the MgO substrate, as
expected since GeFO bulk parameters are very similar to those of MgO
4.21 A). For a ratio of 1.8 the GeFO (00I) peaks start to be visible on the
left of the MgO ones (Fig. 11a), which means that the out of plane
parameter is higher than that of bulk GeFO. For a ratio of 2.3, the GeFO
peaks are visible on the right of the MgO ones (Fig. 11c), indicating a
lower out of plane parameter. These results are confirmed by RSM
measurements of the GeFO 115 reflection which allow the determina-
tion of both in-plane and out-of-plane parameters (Table 1). The films
are all fully strained by the substrate with an in-plane cell parameter of
8.42 (=2x4.21 = 2 X aygo) A. The variation of the out-of-plane cell
parameters with the Fe/Ge ratio is plotted in Fig. 11d. Its increase with
the decrease of the Fe/Ge ratio can be explained by the evolution of the
amount of iron and germanium in the layer, and by the modification of
the cations ionic radius which varies with their crystallographic position
(tetrahedral or octahedral) and with their oxidation state.

The homogeneity of the ratio throughout the film thickness has been
analysed in cross section by STEM and STEM-EDX for the films with the
highest and lowest Fe/Ge atomic ratios, i.e. 1.8 and 2.3, respectively
(Figure S6 and Figure S7). Apart from a small region at the interface with
the substrate, which is slightly deficient in germanium (similarly to what
was observed for the x = 2.0 sample in Fig. 5), the films are homoge-
neous in composition all along their thickness, confirming that the
optimized ablation procedure allows the growth of homogeneous
GeyFe3 404 films. The mean ratio values determined by STEM-EDX,
without considering the interdiffusion zone, are equal to 1.8 + 0.1
and 2.4 + 0.1, and perfectly match with the values determined by SEM-
EDX of 1.8 £+ 0.1 and 2.3 £ 0.1.

The Fe/Ge atomic ratio also influences the magnetic properties of the
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Table 1

Evolution of the in-plane and out-of-plane lattice parameter with the Fe/Ge atomic ratio.
Fe/Ge 1.5+ 0.2 1.8 +0.1 2.0+ 0.1 2.1+0.1 23+0.1
In-plane parameter - a A amorphous 8.42 £ 0.01 8.42 + 0.01 8.42 £ 0.01 8.42 £ 0.01
Out-of-plane parameter - ¢ @A) amorphous 8.446 + 0.003 8.412 + 0.002 8.398 + 0.003 8.382 + 0.002

60
58
56
54
52
50 -
48
46 -
44 %
42
40
38

36 - '

34

/ﬁ

-

Ordering Temperature (K)

210 211
Fe/Ge atomic ratio

1.8 1.9 22 23

Fig. 12. Evolution of the ordering temperature of the films with their Fe/Ge
atomic ratio. The temperatures were obtained from ZFC measurements.

films. The magnetic properties of each film were studied through Zero
Field Cooled measurements under 100 Oe. The ordering temperature
determined by these measurements was plotted as a function of the Fe/
Ge ratio on Fig. 12.

The lowest value of 37 £ 1 K is obtained for the lowest Fe/Ge ratio of
1.8. It is still higher than the value of ca. 10 K observed for poly-
crystalline stoichiometric GeFO samples [11,15]. This is due to the fact
that even for this low Fe/Ge ratio, there are still some Fe ions in the
tetrahedral sites, yielding some A-O-B super-exchange pathways, and
increasing the ordering temperature. The cationic distribution has been
checked by REXS (Fig. S8) and indeed shows some Fe in the tetrahedral
sites with a formula of (Geg.ggFeq 02)[Geg.ooF€e1.91]104.

4. Conclusions

We report here the first elaboration of stoichiometric GeFe,O4 thin
films by pulsed laser deposition. The high volatility of the Ge species
makes it very difficult to control the stoichiometry of the films. Various
strategies have been tested and we understood that the history of the
ablated target area plays a crucial role in the composition and homo-
geneity of the deposited film. The same was put forward by some of the
authors also in the case of nickelate thin films [39]. We found that only
by keeping the same ablation history for each target area we could



L. Schlur et al.

obtain films with the expected Fe/Ge = 2 stoichiometric ratio over the
entire thickness. The films have RMS roughness values lower than 0.2
nm and grow epitaxially cube-on-cube on the MgO (001) substrate with
an in-plane parameter of 8.42 =+ 0.01 A and an out-of-plane one of 8.412
£ 0.002 A, both very close to the GeFO bulk cubic parameter of 8.413 +
0.001 A. The films show the expected antiferromagnetic behaviour with
an ordering temperature of 40 K, which is higher than the ca. 10 K re-
ported in the literature. We suggest that this could be attributed to a
different Fe\Ge cationic distribution. We have indeed shown by reso-
nant elastic X-ray diffraction that some of the Fe cations sit in tetrahedral
sites and not only in the octahedral sites, as expected from the bulk. The
strong A-O-B magnetic exchanges between Fe in the two different sites
would indeed explain an increase of the ordering temperature. Finally,
we could also provide a way to tune the stoichiometry of the films by
changing the laser fluence. We could thus stabilize a highly crystalline
GexFe3 xO4 phase with x in the [0.91-1.20] range, and have some con-
trol over its ordering transition temperature. We hope that our work will
pave the way for exploring the properties of this highly promising
frustrated material in thin films, an area that has so far been hindered by
the challenge of producing such films.
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