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ABSTRACT

Thin films of multiferroic gadolinium orthoferrite (GdFeOs) are of significant interest due to intrinsic coupling of
magnetic and ferroelectric order in their monolithic bimetallic structures relevant for potential applications in
magneto-optical data storage devices. Formation of this composition in stoichiometric pure form is challenging
due to facile formation of the thermodynamically preferred garnet phase (GdsFesO;,) that mostly coexists as a
minor phase in gadolinium orthoferrite films. We report herein the selective epitaxial growth of GdFeO; films by
atomic layer deposition of a single bimetallic precursor [GdFe(O'Bu)s(CsHsN),] containing Gd:Fe in the required
stoichiometric ratio, and using ozone as co-reactant. Intact vaporisation of [GdFe(O'Bu)s(CsHsN),] in the gas
phase and its clean conversion into the complex oxide phase as validated by mass spectral studies and ther-
mogravimetry demonstrate the potential of the Gd-Fe compound as an efficient single-source precursor. Epitaxial
growth of GdFeO3 on SrTiO3 substrates was confirmed by X-ray diffraction analysis, whereas the presence of
Fe>* and Gd®* without any traces of N species from the ligands was verified by X- ray photoelectron spec-
troscopy. Magnetic properties of the resulting perovskite films studied by superconducting quantum interference
device measurements revealed the superposition of two independent magnetic contributions due to para-

magnetic (Gd®**) and ferromagnetic (Fe®™) sublattices in GdFeOs.

1. Introduction

Orthoferrites (MFeO3; M = Ln, Sc, Y) have been extensively studied
because of their wide variety of potential applications including mag-
neto-optical devices [1], photocatalysis [2-4], gas sensing [5,6] and
contrast agent in clinical magnetic resonance imaging [7]. It is known
that the stability of the orthoferrite phase depends on the radius of Ln
ions. For compositions where the lanthanides (Ln) are larger than ter-
bium (Tb), the garnet structure becomes thermodynamically more
stable, whereas smaller ionic lanthanide radius favors the formation of
LnFe,04 spinel phases [8]. In particular, the synthesis of multiferroic
GdFeOs (GFO) [9], (Gd*>* = 0.94 A, similar to Tb** = 0.92 A), results
in the coexistence of garnet (GdsFesO;,) or magnetite (Fe3O4) sec-
ondary phases [10,11]. Thus, a phase-selective formation for GFO re-
mains a synthetic challenge and requires new procedures.

Many of the applications mentioned above demand the growth of
homogeneous thin films on planar and high aspect ratio surfaces.
Atomic layer deposition (ALD) has become a fast-growing thin film
engineering technique in the semiconductor industry and is rapidly
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expanding to newer and wider applications [12-15], owing to its un-
ique capacity to nanoscale control of thickness and composition along
with great effectiveness to homogeneously coat complex geometries
and high aspect ratio structures. The stabilization of metastable phases
by thin film epitaxial growth using ALD has already been demonstrated
[16-23]. So far, ALD has been mostly used for binary compositions,
where two complementary precursor chemistries are sequentially used
in self-limiting surface reactions to build the binary lattice [24,25].
However, growing ternary or more complex compounds is far more
challenging, due to the lack of compatible ALD precursors
[22,23,26,27] and less known reaction pathways [28].

In view of the above, the development of new precursor systems and
cautious evaluation of the metal-ligand chemistry appears to be of great
value to control the film stoichiometry for complex compositions
[24,29-31]. An attractive approach to simplify the surface reactions
that would enable formation of ternary compounds is the use of single-
source heterometallic precursors. Intrinsic advantages of bimetallic
compounds include simplified precursor delivery system, lowered de-
position temperatures, retained stoichiometry and pre-defined chemical
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compatibility between the target film and selected precursor [32]. The
lack of adequate volatility and possible premature fragmentation can
however limit the application of this concept in the ALD process
[24,29,31]. Moreover, the lack of mechanistic models for the decom-
position of bimetallic precursors in an ALD process makes the whole
process even more challenging.

In this work, we report on a volatile single-source Gd-Fe bimetallic
precursor [GdFe(O'Bu)g(CsHsN),] and their subsequent deposition to
GdFeOj3 thin films by ALD. We demonstrate the stabilization of epi-
taxially grown GdFeO; thin films on SrTiO; substrates exhibiting
atomically smooth surface morphology upon high temperature thermal
treatment. The deposition of the ternary oxide from this heteronuclear
precursor reinforces our strategy to develop stoichiometric complex
materials with atomic control that can potentially lead to new and
improved properties.

2. Experimental section
2.1. Precursor synthesis

2.1.1. General remarks

The synthesis of alkoxide and amide precursors was performed
using modified Stock techniques. The hydrocarbon solvents were dried
using standard procedures [33] and stored over sodium wire. [Fe
(O'Bu)s], [34] and [GA{N(SiMes).}s] [35] was synthesized by litera-
ture known procedures. Data collection for X-ray structure elucidation
was performed on a Stoe IPDS 2T diffractometer using graphite mono-
chromated Mo Ka radiation (0.71071 1°\). The programs used in this
work are STOE's X-Area [36] and the WINGX suite of programs [37],
including SIR-92 [38], SHELX and SHELXTL [39] for structure solution
and refinement. H atoms were calculated geometrically and a riding
model was applied during the refinement process. The supplementary
crystallographic data for this paper (CCDC: 1912740) can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif. Elemental analysis was carried
out on a HEKAtech CHNS Euro EA 3000 with helium as carrier gas.
Deviations of the CHNS data from the calculated values can be attrib-
uted to the extraordinary sensitivity of the compound towards moisture
and the weakly bound pyridine. Mass spectra were recorded on a Fin-
nigan MAT 95 (Electron ionization, 20 eV).

2.1.2. Synthesis of [GdFe(O'Bu)s(CsHsN)o]

A solution of 1.05 g (1.64 mmol) [Gd{N(SiMe3)-}3], dissolved in
5 mL toluene and 1.5 mL pyridine was heated until the colorless solu-
tion turned red. Mixing with a solution of 0.45 g (0.82 mmol) [Fe
(O'Bu)s], in 5 mL toluene and 1 mL pyridine lead to a black solution.
The molar ratio of 2:1 was chosen due to the dimeric structure of the
iron compound. After addition of 2.5 mL tert-butanol the reaction
mixture was stirred for 1.5 h at 70 °C. All volatiles were removed under
reduced pressure and the crude product was purified by recrystalliza-
tion from a toluene solution. Yield: Quantitative. Electron ionization
mass spectrometry (20 eV, 132 °C): m/z (intensity) 956 (10 %) 854
(74 %), 724 (17 %), 637 (12 %), 579 [M]* (100 %), 477 (15 %), 79
(89 %), 59 (48 %), 52 (20 %). Anal. Calcd C34Hg,FeGdN,Og: C 50.42, H
7.96, N 3.46. Found: C 47.03, H 8.09, N 2.44.

2.2. GdFeOs thin film growth

GFO films were prepared in a Cambridge Nanotech Savannah 100
flow-type ALD reactor. After optimization of the precursor sublimation
temperature, the complex [GdFe(O'Bu)s(CsHsN),] was heated up to
150-170 °C for evaporation. Pulse/purge lengths for [GdFe
(O'Bu)s(CsHsN),] and ozone were alternating pulsed into the reaction
chamber as 0.2-1.0 s/1.5-3.0 s, respectively. A nitrogen gas flow of
40 sccm was used as carrier gas and for purging excess precursors and
by-products. The substrate temperature was kept constant at 200 °C
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throughout the deposition process. 5 mm x 5 mm SrTiO3; (STO) were
used as a growth substrate and 1 cm x 1 cm Si(100) pieces were placed
next to STO as reference substrates to perform SEM-EDX analysis.
Before film growth, substrate surface was activated by 100 ozone
pulses. Film thickness was tuned by modifying the number of cycles
from 20 nm to 35 nm. The as-deposited films were further annealed for
30 min in oxygen atmosphere at 800 °C in a tubular furnace.

2.3. GdFeO3 thin film characterization

Phase purity and film orientation were investigated from X-ray 6-26
scans performed on a Bruker D8 Discover A25 diffractometer, with Cu
Ka radiation. The film texture was further studied by a D8 Advance
diffractometer with a General Area Detector Diffraction System with Cu
Ka radiation, Bruker AXS, Inc. Energy Disperse X-ray Spectroscopy
(EDX) and Scanning Electron Microscopy (SEM) FEI Quanta 200 FEG
were used to study surface morphology and qualitative chemical com-
position. The operating voltage was 15 kV at 4 x 10~ * Pa. The ac-
quisition time for the EDX analysis was set to 200 s. Surface chemical
composition was explored by a SPECS PHOIBOS 150 hemispherical X-
ray photoelectron spectroscopy (XPS) analyzer with an Al Ka source
(1486.6 eV) from SPECS GmbH, Berlin, Germany. The measurements
were performed in a base pressure of 1 x 10~ 8 Pa with a pass energy of
10 eV, and step size for the high-resolution and survey spectra were of
0.05 eV 30 and 1 eV, respectively. Spectra were calibrated referring to
the binding energy of Cls peak at 284.8 eV. An Asylum Research MFP-
3D Atomic Force Microscope (AFM) was employed for obtaining to-
pographic images of GdFeOs film. Film thickness was determined by
fitting the X-ray reflectivity data from a SIEMENS D5000 diffractometer
using ReMagX software [40]. Magnetic properties of the films, M(T)
and M(H), were explored using a Quantum Design MPMS-XL magnet-
ometer based on a superconducting quantum interference device de-
tector. Magnetic measurements were performed along the [001] film
direction (in plane) and the diamagnetic contribution of the SrTiOs
substrate was subtracted for all curves.

3. Results and discussion
3.1. Synthesis of heterobimetallic single-source precursor

The heteroleptic single source precursor [GdFe(OBu)g(CsHsN),]
has been synthesized by using [Fe(O'Bu)s], and [GA{N(SiMes)}s] in a
molar ratio of 1:2. Both precursors have been dissolved in toluene and
small amounts of pyridine. After mixing both solutions, tert-butanol has
been added to result in the desired product. Iron and gadolinium ions
prefer different coordination spheres when exposed to steric demanding
ligands (Fe3* = tetrahedral, Gd®** = octahedral) due to different ionic
radii (Fe®>* = 0.49 A, Gd** = 0.94 A) [41], therefore, special synthetic
conditions are required to maintain both metal centers in a monomeric,
heterobimetallic structure. In order to stabilize the octahedral co-
ordination sphere of gadolinium and prevent oligomerization reactions,
pyridine as a neutral ligand was added. Yellow/brownish single crystals
were accessible and their analysis via X-ray diffractometry resulted in
the presented molecular structure, see Fig. 1, Table 1. The polyhedron
representation of the triclinic compound with a P 1 space group exhibits
an edge sharing connected distorted octahedron around gadolinium
and a distorted tetrahedron around iron. The nitrogen atoms are in a
trans orientation and the bond length between gadolinium and nitrogen
(Gd-N 2.551 A) is longer than between gadolinium and oxygen (Gd-Oy2
2.428, Gd-Oterminal 2.109), hinting to weakly bonded pyridine. The
observed structure is very similar to literature known bimetallic iron/
cerium compounds like [FeCe(O'Bu),(CsHsN)] [42] and isotypic to
[FeEr(O'Bu)¢(CsHsN),] [43]. Both, cerium and erbium have similar
large ionic radii compared to gadolinium (Ce*t = 0.87 A,
Er’t = 0.89 1°\) [41]. The distance between gadolinium and the pyr-
idine fragments is similar to the erbium compound and shorter than for


http://www.ccdc.cam.ac.uk/data_request/cif

C. Bohr, et al.

(b)

Thin Solid Films 698 (2020) 137848

b

Fig. 1. (a) Molecular structure of [GdFe(0O'Bu)s(CsHsN),], hydrogen atoms are omitted for clarity. Averaged selected bond lengths in [Al: Gd - Orerminal 2.109,
Gd - O, 2.428, Gd — N 2.551, Fe — Oterminar 1.783, Fe — Oy2 1.911. (b) Unit cell of the crystal structure. Two molecules are inside the unit cell, for a better
understanding, every contributing molecule is shown but each atom not corresponding to the unit cell is transparent.

Table 1
Details on crystal and structure refinement of [GdFe(O'Bu)g(CsHsN),].
Molecular formula C34He4FeGdN,O¢
Molecular Mass [g/mol] 809.97
Temperature of Measurement [K] 170(2)
Wavelength [A] 0.71073 (Mo K,)
Crystal System Triclinic

Space Group P1

Lattice Parameters a = 9.4659(5) A a = 86.285(4)°
b = 10.2824(5) A B = 82.418(4)°
c = 23.0723(12) A y = 68.374(4)°

Cell Volume [A%] 2069.03(19)

Formula Unit 2

Correction of Absorption numerical

F(000) 840

Measurement Range 1.781 < h < 26.804
-11<h<11
-13 <k<13
-29 <1< 29

Number of Reflexes 23364

Observed Reflexes 8719

Goodness of Fit 1.103

R; [Ip>20(D]; all Data
WR, [Ip>20(I)]; all Data
Apmaxs APmin

R; = 0.0408, R; = 0.0560
WRy = 0.0982, wR, = 0.1220
1.186, —1.771 e A™3

Fig. 2. Intermolecular, antiparallel w-stacking in the crystal structure of [GdFe
(OtBu)s(CsHsN)2].

the cerium one, which can be attributed to the number of bound pyr-
idine entities. In the crystal structure, the pyridine fragments arrange in
an antiparallel st-stacking fashion with a distance between the aromatic
rings of 3.494 A (see Fig. 2). This feature is also known for the [FeEr
(O'Bu)6(CsHsN),] complex [43]. A comparison between selected bond
lengths and angles is given in Table 2.

The presented structure is in good agreement with the elemental

Table 2

Comparison of selected bond length and angles between [GdFe
(O'Bu)¢(CsHsN),] and literature known [FeEr(O'Bu)e(CsHsN).] and [FeCe
(0Bu),(CsHsN)] [42,43].

[GdFe [FeEr [FeCe
(O'Bu)6(CsHsN)-] (0'Bu)s(CsHsN)s] (0'Bu),(CsHsN)]
Ln-Oerm. 2109 A 2.047 A 2.094 A
Ln-Oy, 2.428 A 2.366 A 2.442 A
Fe-Orerm. 1.783 A 1.771 A 1.782 A
Fe-O,, 1.911 A 1.914 A 1.943 A
Ln-N 2551 A 2.500 A 2.700 A
Ln-Fe 3.428 A 3.401 A 3.4739 A
O,oLn-0,,  65.51° 65.94° 65.1°
O,o-Fe-0,,  86.87° 84.52° 85.7°
N-Gd-N 175.97° 174.08° -
100 1.0
[GdFe(O’Bu)G(CsHsN)z] Aexo
901 -2 (C4HgN)
(Am = - 20%, theo.: - 20%) 10.8
80 =
- ID'J
< 70 - 06 S
= 3
D 60 - o
[ T
- , 0.4
= 3(r ) 04 4
50 = w
(Am = - 42%, T
40 - theo.: - 48%) 410.2
30 - GdFeO,
. . . . r : - 0.0
0 200 400 600 800

Ts (°C)

Fig. 3. Thermogravimetric analysis/ Differential scanning calorimetry diagram
for [GAFe(O'Bu)s(CsHsN),]. The compound undergoes a steady degradation
towards GdFeOj3 (the remaining mass after measurement matches GdFeO3). The
missing 6 % mass loss of the second step can be attributed to the initial mass
loss at low temperatures.

analysis, thermogravimetry (Fig. 3) and mass spectrometry (Fig. 4). The
compound exhibited a steady degradation process during heating with
two clear endothermic transitions at 140 °C and 315 °C. Pyridine
fragments evidently split from the molecule at the heating temperature
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Fig. 4. Electron ionization mass spectra of [GdFe(OtBu)e(CsHsN),], ionized at U = 20 eV.
of 130 °C. The remaining mass at high temperatures was attributed to 40 [
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GFO was deposited on SrTiO3 (STO) at 200 °C by ALD and exposed
to 800 °C to crystallize the orthoferrite structure with a film thickness of
20 nm. The film growth per deposition cycle was investigated at 200 °C
showed a linear dependence with a growth rate of approximately
0.19 A per cycle (see Fig. 5). The reported growth rates of ALD oxide
thin films grown from single-source heterobimetallic precursors are
broad. For instance, the ALD deposited rare earth aluminates prepared
from Ln-Al (Ln=La, Pr, Nd) compounds showed growth per cycles
(GPC) one order of magnitude higher (0.1-0.5 nm/cycle) than our
current ALD GdFeOs; study [44,45]. On the other hand, ALD SrTa,O¢
thin film from a nitrogen-donor-functionalized Sr-Ta alkoxide exhibited
GPC around 0.2-0.3 A per cycle, similar to our work herein [46].

Fig. 6(a) compares the X-ray diffraction 8-20 scans of bare strontium
titanate substrates, STO (black), as-deposited GFO film (green) and post
annealed GFO at 800 °C (blue). The as-deposited film showed no extra
features except peaks corresponding to STO (001) and kg, suggesting an
amorphous deposited film. After post annealing, a shoulder emerged
next to the STO peak at 20 ~ 47°. A closer look at the GFO phase
formation by performing a 2D 6-20 scan (Fig. 6(b)), allowed the iden-
tification of two extra poles at 20 = 26° (y = +26°and y = -27°). The

No. Cycles

Fig. 5. Variation of GdFeOj3 film thickness with number of ALD cycles using Gd-
Fe heterobimetallic precursor at a deposition temperature of 200 °C. The data
was fitted linearly with the intercept forced to 0.

GFO has a slightly distorted ABO; perovskite structure with
a = 5.346 A, b = 5.616 A, ¢ = 7.668 A whereas the dimensions of
cubic SrTiO; are a = 3.905 A. Based on this, it is very likely that or-
thorhombic GFO grows oriented (110)//[001] on STO. No traces of
Fe30,4 and GdsFes0,, were observed [1,7,47].

Chemical composition of the as-deposited film was analyzed by EDX
(Fig. 7) on GFO / Si (100) reference samples that confirmed the pre-
sence of Gd, Fe, Si and O with nearly an equivalent cation ratio
(Fe: Gd = 0.9).

The chemical states of GFO thin films on STO was further analyzed
by XPS (Fig. 8). The survey spectrum indicated the presence of Gd, Fe,
O, C, Sr and Ti, consistent with the GdFeO3 / SrTiO5 structure (Fig. 8a).
The presence of C is majorly attributed to the ambient exposure of the
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Fig. 6. (a) X-ray diffraction 6-20 scan of ALD 20 nm thick GdFeO; films on
SrTiO3 (STO) after deposition and after post annealing (PA). (b) X-ray diffrac-
tion 6-20 pattern of post-annealed 20 nm GdFeOs films on STO.
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Fig. 7. EDX spectrum of ALD deposited GdFeOj3 thin films on (100) Si.
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Fig. 8. XPS spectrum of ALD deposited 20 nm GdFeOj; thin films on (100) STO:

(a) Survey spectrum; (b) high resolution Gd(3d) core level spectrum (c) high
resolution Fe(2p) core level spectrum.

samples prior to the XPS analysis. No traces of nitrogen were spotted in
the film (binding energy N1s = 398.1 eV), suggesting a complete de-
composition of the pyridine ligands present on the heterobimetallic
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0 . 4 ym
Fig. 9. (a) SEM image of ALD deposited 20 nm GdFeOj3 thin film on (100)

Silicon; (b) AFM topographic image of post annealed 20 nm ALD GdFeOj; thin
film on (100) STO.

precursor. The Gd(3d) core level spectrum, Fig. 8(b), shows a spin-orbit
doublet with binding energies at 1219.3 eV 3d3,» and 1187.3 eV 3ds 5,
being in good agreement with those reported in literature for GdFeO3
and Gd,03 [47,48]. Likewise, the Fe(2p) core level spectrum showed a
peak at 724.1 eV 2p; » and at 710.6 eV 2p3,». Moreover, the position of
the satellite peak at 718.9 eV appearing 8.3 eV depicted in Fig. 8(c),
above the 2p;,» peak which confirms the +3 oxidation state of iron
[47,49-51].

The morphology of ALD grown GFO has been studied by SEM and
AFM. The sample is homogeneous in a large area as shown in the SEM
image in Fig. 9(a). A5 X 5 um AFM topographic image and a height
profile (indicated by the yellow line) are shown in Fig. 9(b). The to-
pographic image revealed a homogeneous distribution of small grains
(~70 nm) with a root mean square roughness of 2 nm.

The temperature dependent magnetization measurements (5-300 K)
of GFO thin film on STO under zero field-cooling (ZFC) and field-
cooling (FC) at 0.5 Tesla are shown in Fig. 10(a). In this case, thicker
films (35 nm) were investigated. Both curves overlap and show no
magnetic transition for this temperature range [47,52]. While the
magnetization decreases with increasing temperature up to 300 K, the
%~ (T) (x being the magnetic susceptibility) shows initially an upward
curvature and then at ~100 K changes to slightly negative curvature
(inset Fig. 10(a)). This dependence in x~! suggests a ferromagnetic
contribution overlapped with the paramagnetic behavior. Fig. 10(b)
illustrates the field dependent magnetization curve at 50 K. The net
saturation magnetization at 7 Tesla is 82.89 kA/m and the coercive
field is 0.0078 Tesla. These values slightly differ from previous studies
on GFO nanoparticles [7,53] but resemble those of sol-gel thin films
[47] and single crystals [52], showing the difference in magnetic
properties depending on the size and crystallinity [54]. Bulk gadoli-
nium orthoferrite is known to be antiferromagnetic with a Néel tem-
perature of 678 K [55]. The magnetic properties of GFO can be un-
derstood by the superposition of two independent magnetic systems,
Gd3+ (paramagnetic contribution) and Fed+ (ferromagnetic contribu-
tion) sublattices [55]. Thus, the weak ferromagnetism identified in this

TR s

75k (@) g, 90 AL
€ E |- FC E
oo} 2 S5
)
s 3 =
§45¢ .0 s of
= =0 100 200 300 &
N Temperature, T (K) N @ 50K
©30F 54 in plane
S i@o5T %‘45 P
g in plane = -20
15F o oG
égC 90 £ -0.04 0.00 0.04|
0 100 200 300 -7.0 -3.5 0.0 3.5 7.0

Temperature, T (K) Magnetic Field, H (T)

Fig. 10. (a) In-plane magnetization performance as a function of temperature
for a 35 nm GdFeOj thin film. Inset shows the reverse susceptibility behavior
versus temperature; (b) Magnetization behavior of 35 nm thick GdFeO; film as
a function of magnetic field at 50 K. Inset shows a zoom-in at a lower field.
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ALD fabricated GdFeOs system is tentatively attributed to slightly
canted Fe* jons [52,56].

4. Conclusion

A volatile heteronuclear precursor [GdFe(O'Bu)(CsHsN),] was de-
monstrated as an efficient single-source for the atomic layer deposition
of ternary oxide GdFeOs. The heterometallic framework is evidently
maintained in the gas phase even after the thermolytic cleavage of the
coordinated pyridine molecule that supports the formation of stoi-
chiometric ternary oxide. The ALD with the mixed-metal compound on
STO substrate with low lattice mismatch produced epitaxial films of
GdFeOj3 that did not show the presence of impurities and minor phases
like garnet (GdsFes0;5), spinel (GdFe,O,4) or magnetite (Fe304) com-
positions that are generally formed in the synthesis of GdFeOs per-
formed using two monometallic precursors. Advances in precursor de-
sign for ALD and epitaxial growth opens a plethora of opportunities to
engineer coatings with multimetallic compositions at low temperature
and to understand the reaction kinetics which can ultimately improve
the capabilities for thin films engineering.
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