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High-Quality Magnetically Hard e-Fe,O5; Thin Films
through Atomic Layer Deposition for Room-Temperature

Applications

Topias Jussila, Anish Philip, Johan Lindén,* and Maarit Karppinen*

The critical-element-free e-Fe,O; ferrimagnet exhibits giant magnetic coercivity
even at room temperature. It is thus highly attractive material for advanced
applications in fields such as spintronics, high-density data storage, and wireless
communication. However, a serious obstacle to overcome is the notoriously
challenging synthesis of e-Fe,O3 due to its metastable nature. Atomic layer
deposition (ALD) is the state-of-the-art thin-film technology in microelectronics.
Herein, it is demonstrated that it has also true potential for the fabrication of
amazingly stable in situ crystalline and high-performance &-Fe,0Oj thin films from
simple (FeCl; and H,0) chemical precursors at a moderately low deposition
temperature (280 °C). Standard X-ray diffraction and Fourier transfer infrared
spectroscopy characterization indicates that the films are of high level of phase
purity. Most importantly, precise temperature-dependent *’Fe Méssbauer
spectroscopy measurements verify that the hematite (a-Fe,O;) trace in the films
is below 2.5%, and reveal the characteristic low- and high-temperature transi-
tions at 208-228 K and ~:480 K, respectively, while magnetization measurements
confirm the symmetric hysteresis loops expected for essentially phase-pure &-
Fe,O;3 films. Excitingly, the highly c-axis oriented film growth, the overall film
quality, and the unique magnetic properties remain the same, independently of

applications.' ! However, the material rep-
ertoire suffers from complex chemical com-
positions and low operating temperatures.™!
Binary iron oxides would make an attractive
choice owing to their simple, stable, and
sustainable chemical composition based on
earth-abundant, low cost, nontoxic, and
biocompatible elements.”! There are seven
crystalline binary iron oxide phases, ie.,
Fe;O, (magnetite), o-Fe,O; (hematite),
y-Fe;0; (maghemite), e-Fe,03, p-Fe,03,
FeO (wiistite), and a recently discovered
high-pressure {-Fe,O3 (zeta), of which the
first four exhibit room-temperature (RT)
ferrimagnetism.*® Especially, the mixed-
valent magnetite Fe;O, is a thoroughly
investigated ferrimagnet; it unfortunately
suffers from tiny but influential composition
variations.” " The iron(Ill) compound
e-Fe, O3 possesses a giant magnetic coerciv-
ity and appreciably high Curie temperature;
such magnetic characteristics are unique

the substrate material used.

1. Introduction

Magnetic and multiferroic thin films are attracting increasing inter-
est owing to their high potential in next-generation spintronic
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especially for a single-valent Dbinary

compound.”“sl Moreover, e-Fe, 05 is ferro-

electric and shows high-frequency ferromag-

netic resonance!’®'® and magnetoelectric
coupling.! Owing to these unmatched characteristics,
e-Fe,0; is considered one of the most promising materials for
high-density data storage applications!®?*?>?3 and high-speed
wireless communications,”®'®! among other next-generation spin-
tronic devices."*

In the noncentrosymmetric orthorhombic e-Fe,O; crystal
structure (space group Pna2;; lattice parameters: a = 5.095 A,
b=8.789 A, c=9.437 A), the Fe’" ions are equally distributed
among four crystallographically nonequivalent iron sites includ-
ing three edge-sharing octahedral sites and one corner-sharing
tetrahedral site (see Figure 1).">**?5] Along the c-axis, the struc-
ture consists of alternating double-chained octahedral layers and
single-chained octahedral layers connected by single-chained tet-
rahedral layers parallel to a-axis. Two of the octahedra (Fe; and
Fe,) are strongly distorted while the third octahedron (Fe;) and
the single tetrahedron (Fey) are regular.?*”) The e-Fe,03 com-
pound is isostructural with GaFeOj3, AlFeOs, and k-ALO5.242]

The high-coercivity ferrimagnetic state is seen for e-Fe,0;
in the temperature range of around 110490 K.">* Above 490 K,
the high-coercivity state is transformed to another ferrimagnetic
state which has significantly weaker magnetic interactions;'*” the
magnetic ordering is then completely lost around 850K,

19-21]
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Figure 1. Polyhedral representation of the e-Fe,O3 crystal structure at
300K. The distorted octahedra are presented in blue (Fe;) and red
(Fe;) while the regular octahedron (Fe;) is yellow and the tetrahedron
(Fe4) is green. The crystallographic data are received from ICSD database
(Coll. code 259314, Garcia-Mufioz et al.?”).

similar to the other iron oxides. Then, in the low-temperature
range another broad magnetic transition is seen around
150-80 K,1?*#%3% resulting in an abrupt decrease in the coercivity
and the so-called squareness ratio M,/ M; (M, = remanent magne-
tization, M, = saturation magnetization) induced by structural
changes and spin reorientation related phenomena.?®?®
There is still some ambiguity regarding the intriguing high-
coercivity RT magnetic structure,™ as e-Fe,0; has been proposed
to behave either like a collinear ferrimagnet™?® or canted
antiferromagnet.!”>** In the (nearly) collinear model, initially pro-
posed by Tronc et al.’®! and later supported by Gich et al.,”® the
net magnetization of e-Fe,0; arises from uncompensated antifer-
romagnetic interactions between the regular octahedral and the
tetrahedral Fe sites parallel to ag-axis. On the other hand,
Kurmoo et al™ suggested that antiferromagnetic interactions
between the tetrahedral Fe ions induce frustration of the octahe-
dra, resulting in canted antiferromagnetic ground state.

Natural occurrence of e-Fe,Os is negligible and so far its
synthesis has been limited to nanoscale quantities only due to
its extremely narrow thermal stability range between the more
stable y-Fe,05 and o-Fe,0; polymorphs.*?>?! Jin et al.l**! were
the first to synthesize phase pure e-Fe,O; nanoparticles in 2004;
their nanoparticles fabricated by reverse-micelle and sol-gel
synthesis exhibited enormous RT coercive field of 20kOe.
Later, the synthesis of high-quality e-Fe,O3; nanoparticles has
been demonstrated by other groups as well.2?3%34737]

Considering the potential applications of e-Fe,O3, it is impor-
tant to fabricate this unique magnetic material in high-quality
thin-film form with an industrially feasible deposition technique.
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Gich et al.’® pioneered the pulsed laser deposition (PLD) process
of &-Fe,0; thin films in 2010. Impressively, a strong in-plane RT
coercivity value of 8 kOe was measured for the films,*® which is
only slightly inferior to the highest values (=20 kOe) reported for
the e-Fe,03 nanoparticles. Corbellini et al.**! determined the
Curie temperature for their PLD-fabricated e-Fe,O; thin film
at 460 K which is close to values seen for the nanoparticles
(~490 K). Ferroelectricity and magnetoelectric coupling have also
been demonstrated for PLD &-Fe,0; films.*”! However, deposi-
tion of e-Fe,0; films by PLD tends to require remarkably high
deposition temperatures (700-900°C) and a lattice-matching
substrate.2%-38~401

More recently, we developed a facile atomic layer deposition
(ALD) process for the growth of “XRD-pure” and highly stable
e-Fe,03 thin films from FeCl; and H,O precursors at a relatively
low deposition temperature of 280 °C on “nonlattice-matching”
silicon substrates.*!) Later, Tamm et al.*”) reported high coerciv-
ity value of 9.7 kOe for their similarly ALD-grown e-Fe, O3 films,
thus surpassing the highest coercivity value achieved for the
PLD-grown &-Fe,O3 films. The unique advantages of the ALD
technique include the excellent film-thickness control and the
unmatched coating conformality even on high-aspect ratio
surfaces.*>**! Importantly, ALD allows also growth of in situ
crystalline e-Fe, 05 films with preferred orientation parallel to the
c-axis at appreciably low deposition temperatures (260-300 °C)
on various substrate materials including nonlattice-matching
ones. Furthermore, excitingly, it has already been demonstrated
that the ALD-grown e-Fe,O3 layers can be straightforwardly
implemented in various multilayer structures, e.g., in combina-
tion with other ALD-grown inorganic layers (BiOCl and SiO,) or
molecular layer deposition (MLD)**! grown organic layers
(benzene or azobenzene) to achieve additional functionalities
without compromising the intrinsic magnetic characteristics
of the e-Fe,03 layers.[23'46_5°]

Previously, ALD has also been used for the fabrication of other
magnetic iron-oxide thin films, such as Fe;0,5%%? and
BiFeOs3,”** but compared to e-Fe,0; these materials are
notably softer ferromagnets with RT coercivity values well below
1kOe. On the other hand, inverse-spinel structured (Fe,Co);04
films with similar RT coercivity values as those achieved for
e-Fe,0; films have been fabricated with ALD, but only through
more severe conditions, i.e., plasma-enhanced ALD plus subse-
quent postannealing or ozone-based ALD.’**% These results
should be also compared to the (Fe,Co);0, films deposited
through other techniques; for example, Shirsath et al.®”>® fab-
ricated (Fe,Co)304 films on Si/SiO, through DC magneto-
sputtering with controlled and tunable growth orientation and
extremely high perpendicular coercivity of 11.3 kOe. However,
the high coercivity, induced by oxygen deficiency, was achieved
only after postannealing at 800 °C.

In this work, we employ for the first time M&ssbauer spectros-
copy measurements to verify the high purity of the in situ
crystalline e-Fe,O3 thin films fabricated through our facile
low-temperature ALD process. We are especially concerned
about the possible traces of other iron oxide phases that are
difficult to detect with other characterization techniques.
Remarkably, the measurements could be realized for the rela-
tively thin e-Fe,O5 films by depositing the films on essentially
gamma-ray transparent polyimide substrates and then cutting
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the substrates into smaller pieces and piling them on top of each  however seen in the large-scale images depending on the sub-
other prior to Mdssbauer analysis to obtain higher total film  strate material, as the film surface was smooth on silicon but
thickness and stronger Mdéssbauer response. We will demon-  exhibited longitudinal bulge patterns on Kapton (Figure S3,
strate that our ALD e-Fe,O; thin films are of high purity = Supporting Information). This might be due to poorer adhesion
(x-Fe,O3 content less than 2.5%). In addition, both the low- on Kapton with less active surface sites,®” causing also some
and high-temperature magnetic transitions are discussed, and  cracking of the growing film at the bulges (Figure S4,
the characteristic Curie temperature (~480K) is confirmed for  Supporting Information). It should be noted that in previous
the ALD thin films. This work does not only provide unprece-  works the adhesion issue of Kapton has been tackled using a
dented information about the e-Fe,O; thin films but also  plasma treatment or by depositing a thin Fe—organic interface
pioneers in applying Méssbauer spectroscopy as an intriguing  Jayer,5**"!
characterization tool for iron-based ALD thin films. The Strong ferrimagneﬁc behavior of the g.FeZO3 film depos.
ited on Kapton is revealed from Figure 2c. Both the in-plane coer-
civity and the high-field magnetization increase, from 1.2 to
4.9kOe and 7.8 x 10> to 8.6 x 10 *emu (at 50 kOe), respec-
tively, when the temperature is decreased from 400 to 10 K.
The RT in-plane coercivity value of 2 kOe seen for the present
films is reasonable for polycrystalline (partly oriented) thin films
and very similar to the values reported for epitaxial e-Fe,Oj3 films

2. Results and Discussion

Figure 2 summarizes the basic sample characterization results
for our ALD e&-Fe,05 thin-film samples, obtained from X-ray dif-
fraction (XRD), Fourier transform infrared spectroscopy (FTIR),
and magnetic measurements. All these measurements indicate - ) 2040, A Pl 273
toward the high phase purity of the films. All the features in the deposited via PLD."" The 1n-pla}n.e coercivity is ~25% higher
XRD pattern displayed in Figure 2a can be readily assigned to the compared to the out-of-plane coercivity (~1.6 kOe) of ALD-grown
known orthorhombic crystal structure (Pna2;) of e-Fe,0 S 423.41] e-Fe,O3; measured in our previous work. This is reasonable
the indices given are from Le Bail full profile fitting.*"! Based on considering the preferred growth orientation being parallel to
the absence of the expected 113 and 200 reflections at around ~ the c-axis (magnetic hard axis), denoting that the magnetic easy
35° and the 053 reflection at 60.4°, and the fact that the 002  axis of e-Fe;O3 (a-axis) is parallel (in-plane) to the film surface.
and 004 reflections are relatively strong compared with the case Itis important to note that the magnetic properties of our ALD
of randomly oriented &-Fe,03,/*! it seems that our e-Fe,0; films e-Fe,0; films are essentially nondependent of the substrate (Si or
show strong tendency for orientation parallel to c-axis. The FTIR ~ Kapton) employed, which demonstrates the possibility to deposit
spectrum displayed in Figure 2b shows the characteristic peaks ~ €-Fe203 thin films on a wide spectrum of material surfaces
of iron oxide at 415, 484, 560, and 675 cm™~*,?>*%) but is free from  through ALD as no lattice-matching substrates are required.””
other visible features. Especially, no indication of hydroxide or ~ Furthermore, all the hysteresis loops shown in Figure 2c are per-
chloride traces is seen in the FTIR spectrum; these impurities  fectly symmetric; this emphasizes the high quality of the films.
could derive from the ALD precursors employed. For example, for PLD-grown e-Fe,O3 films asymmetric hystere-
The morphology of the films was investigated through X-ray  sis loops with an additional magnetization step (necking) are
reflectivity (XRR) and scanning electron microscopy (SEM). typically seen, most likely resulting from magnetically softer
Based on the XRR fitting (Figure S1, Supporting Information), ~ y-Fe,O; and/or Fe;O, impurity phases.**"!
the surface roughness for the 60 nm e-Fe,O3 film was 2.15 nm. The Mossbauer spectra recorded at 208, 228, 305, and 433 K
The grain morphology with an average grain size of ~100nm  are shown in Figure 3a. As could be expected for e-Fe,03,*>*¢
was found to be very similar to the cases in previous reports,*>*¢!  the spectra are well described by three high-field sextets with
and virtually nondependent of the substrate material used internal fields ranging from 34 to 44 T and one low-field compo-
(Figure S2 and S3, Supporting Information). Differences were  nent with an internal field less than 30 T (Figure 3b), as well as
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Figure 2. Basic characterization results for 204 nm-thick e-Fe,O; films (grown in a and b on silicon, and in c on Kapton): a) XRD pattern, in which the
Miller indices are for the orthorhombic (Pna2,) e-Fe,Oj3 structure, while the peak caused by the Si substrate is marked with SS. b) FTIR spectrum after
subtraction of the substrate contribution. c) M—H curves measured at 10, 300, and 400 K; the inset shows the temperature dependence of magnetic
coercivity.

Adv. Eng. Mater. 2023, 25, 2201262 2201262 (3 of 8) © 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

9SUIIIT SUOWIWOY) dAeAI) d|qedijdde sy} Aq paulanob aJe sajdiie YO ‘@sn Jo sa|nJ 1oy Ateiqr] auljuQ A3JIA\ UO (SUORIPUOd-pUR-SW.Id)/
wod As|im A 1eaqi[aUI|UO//:SARY) SUORIPUOD PUe SWIS] B3 995 [£202/L0/€0] U0 Aleiqry auljuo As|im “Aisianiun oljey Ag ‘292102202 Wape/z00L 0L/10p/wod As|mAleiqiaul|uo//:sdny woiy papeojumod ‘2 ‘2202 ‘8¥92L25L



ADVANCED

SCIENCE NEWS

www.advancedsciencenews.com

www.aem-journal.

(2]

om

(a) T T T T T T T T T T T T
100F
i (b)
50 F B Fe,
99r E LI m Fe,
P A “ By Hy Fe,
L ~ 40F . " a |Are,
=1 =
L 30F
= JYWIVYL VYWYV
100+ = A
= A A A =
3 20}
=
L - A g
§ 10F =
~ 99 i
=
= 0 , . \ . -
2 L i 100 200 300 400 500
g Temperature (K)
w
= (c)
£ 100 . 0
~ ERSamEngEn 8w, -
[ ] " ]
08 =
L 1 =
'z ® Fe,-Fe,
é 06 paramag.
L ] .8 hematit
99 5 0 hematite
g o04r
100 1 2
02
| OO—EDDDQDDQQQELDDDDD.DE[U;DD g, ®
' 100 200 300 400
99 h Temperature (K)
1 1 1 1 1 1 1 1 1 1 1 1 -

=1
-12 -10 -8 -6 4 2 0 2 4 6 8 10
Velocity (mm/s)

Figure 3. a) M6ssbauer spectra recorded for e-Fe,O5 at indicated temperatures. The sextets reflecting iron at the four sites are drawn in red, blue, green,
and yellow. The sextet due to hematite impurity is gray and the paramagnetic doublet is drawn in brown. Traces due to Fe impurities in the Be window of
the detector are drawn with a black dashed line. The two topmost spectra are recorded on either side of the low-temperature transition. b) Internal fields of
the four e-Fe,O; components. c) Relative intensities of the four iron components combined (violet), and the paramagnetic (orange) and hematite (gray)

components as function of temperature.

one paramagnetic doublet with a negative quadrupole coupling
constant. The isomer shift values (0.2-0.4 mm s ' at RT) are typ-
ical for high-spin trivalent iron. As explained later on, these five
components covering ~98% at RT of the total intensity are
believed to originate from the e-Fe,O; phase. Besides these com-
ponents, the tiny sextet covering only ~2.5% of the intensity
could be seen and assigned to a-Fe,O; (hematite) due to its
51.5T field and narrow linewidth. This component was barely
visible in the low-temperature spectra but became little better vis-
ible as the temperature was increased, as it retained its high
internal-field value up to 481K (the highest measurement tem-
perature in this study). Figure 3c shows the temperature depen-
dence of the relative intensities of the magnetically hard e-Fe,0;
phase (the four distinct iron sites combined), and both the para-
magnetic and hematite components. Most importantly, the low
intensity of the hematite impurity component verifies the high
phase purity of our e-Fe,0; thin film.

Adv. Eng. Mater. 2023, 25, 2201262 2201262 (4 of 8)

Based on the XRD data (Figure 2a), the present thin films
exhibited signatures of orientation. This orientation can be seen
as lower-than-expected intensities for the outer lines (lines 1
and 6) of the sextets in the Mdssbauer spectra; for randomly
oriented samples, the intensities of the spectral lines should
decrease going from the outermost lines to the inner lines
but in Figure 3a the outermost lines have lower intensity com-
pared to the lines 2 and 5. The fitted values were close to 63° at all
temperatures, where the so-called magic angle value 54.73° is
obtained for a sample of random orientation of the local quanti-
zation axes. In epitaxial films, it is not unusual to have 0 = 90°.

As for the detailed assignments of the different components
originating from the e-Fe,O5 phase, based on previous reports
for e-Fe,03 nanoparticle samples, two of the components with
the highest internal field could be tentatively assigned for the
two distorted octahedral Fe3" sites of e-Fe,05 (Fe; and Fey),
while the third component could be due to the regular octahedral

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

9SUIIIT SUOWIWOY) dAeAI) d|qedijdde sy} Aq paulanob aJe sajdiie YO ‘@sn Jo sa|nJ 1oy Ateiqr] auljuQ A3JIA\ UO (SUORIPUOd-pUR-SW.Id)/
wod As|im A 1eaqi[aUI|UO//:SARY) SUORIPUOD PUe SWIS] B3 995 [£202/L0/€0] U0 Aleiqry auljuo As|im “Aisianiun oljey Ag ‘292102202 Wape/z00L 0L/10p/wod As|mAleiqiaul|uo//:sdny woiy papeojumod ‘2 ‘2202 ‘8¥92L25L



ADVANCED

ENGJL\I,E,E(RJNG
\

SCIENCE NEWS

www.advancedsciencenews.com

site (Fes) and the low-field component would most probably orig-
inate from the tetrahedral site (Fe,).?*?% It is noteworthy that the
relative intensities of these components differ from the theoreti-
cal 25% each as the intensity of the tetrahedral site is ~19% (at
RT) of the total intensity of the four iron components. As ALD
films are grown in a layer-by-layer manner, there can be a higher
tendency for certain crystallographic planes to induce the forma-
tion of grain boundaries easier than other planes./*” As a result,
the relative number of the different crystallographic sites of the
whole material would change. Hence, tentatively, the cause for
the different relative site occupancies in the e-Fe,O; thin films
could be a higher tendency of grain formation prior to the tetra-
hedral sites, thus resulting in lower total Fe, intensity.

The paramagnetic component seen in the spectra throughout
the whole temperature range most likely originates from a
minute amount of small (x5 nm) e-Fe,O; superparamagnetic
crystallites.">2% As the temperature increases, the relative inten-
sity of this paramagnetic component slowly increases, as larger
and larger crystallites gradually become (super)paramagnetic.
Verification of the crystal phase of the superparamagnetic par-
ticles would require Mossbauer analysis with liquid helium at
~5 K to reach the blocking temperature and, thus, to distinguish
the four sextets of e-Fe,0; without the paramagnetic compo-
nent.’” We tentatively suggest that the superparamagnetic par-
ticles can be more abundant near the substrate—film interface
due to the porous nature of the polymer substrate which can
induce growth of small iron oxide clusters inside the pores of
uppermost layers of the substrate as the small ALD precursors
are diffused into the substrate during the initial stage of the depo-
sition process.!®”! Consequently, the concentration of the small
paramagnetic crystallites could be expected to be smaller on a
dense, inorganic substrates (such as silicon). Nevertheless, even
in the present films grown on Kapton for the Méssbauer char-
acterization, the intensity of the paramagnetic component is
appreciably low, and—importantly—low enough not to affect
the magnetic hysteresis characteristics of the films (Figure 2c).

Owing to the orientation, the negative sign of the quadrupole
coupling constant for the paramagnetic doublet could be estab-
lished. The relative intensity of the doublet increased slowly with
temperature and more quickly when the magnetic transition
temperature (Tc) of ~480K was approached. At 481K
(Figure 4), the obtained Mdssbauer spectrum was practically
paramagnetic. No indication of a high-temperature magnetic
phase was observed, although the spectrum in Figure 4 still
exhibits weak magnetic “wings” on either side of the doublet.
The magnetic transition temperature can be also deduced from
Figure 3b; at 481 K, only one (Fe;) of the four components exhib-
its a weak internal field, indicating that the magnetic transition of
the e-Fe,03 phase occurs in this temperature range. Most likely,
if the temperature would be increased slightly higher, the inter-
nal field of the last component would also go to zero.

The almost completely paramagnetic spectrum recorded at
481 K was fitted using two quadrupole doublets differing only
slightly in isomer shift values and quadrupole splitting.
However, lingering weak magnetism may have caused some
broadening of the spectrum, making the assignment of the com-
ponents uncertain. Regardless, the intensity ratio of the doublets
is close to 3:1, matching with the 3:1 ratio of the three octahedral
and one tetrahedral sites of e-Fe,0;. Slight differences in the
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Figure 4. Spectrum recorded from the e-Fe,O; sample at 481 K. The navy
blue component is due to small amount of magnetically ordered Fe, while
the paramagnetic feature was fitted using two asymmetric doublets

(brown and green). Traces due to Fe impurities in the Be window of
the detector are drawn with a black dashed line.

quadrupole doublets are expected due to the different oxygen
coordination.

At 77 K the spectrum is dominated by one 49 T component,
almost overshadowing the hematite impurity. The three other
e-Fe,03 components are still visible, but with much lower inten-
sities. The two other high-field components have increased their
field to 39 and 44 T, respectively, while the low-field has B=28 T.
Upon increasing temperature the fields slowly decrease, follow-
ing a Brillouin-like behavior, and the dominating component
loses intensity to the three other components, but the evolution
was initially more gradual than reported for the nanoparticles,
where the transition occurs between 110 and 150 K.*° However,
between 208 and 228 K, a discontinuity occurs for the internal
fields (Figure 3b) of the high-field component which is increased
by 1-2 T, rather similarly to nanoparticles at 110-150 K. The dis-
continuity is not observed for the isomer shift values. The shifted
temperature change of the low-temperature transition might be
caused by the strain effects induced by the substrate.**¢*]

Interestingly, the tetrahedral iron (Fe,) does not experience
any discontinuity around the low-temperature transition, in clear
contrast to the behavior seen in nanoparticles.’>**33l When
approaching the transition from the higher temperature side,
the internal field of Fe, of e-Fe,03 nanoparticles increased sig-
nificantly (=20%) which was assigned to an increased distortion
of the tetrahedral site.”! This was also thought to be the reason
for the abrupt weakening of magnetization seen for the nanopar-
ticle samples because the net magnetization arising from antifer-
romagnetic interactions between Fe; and Fe, is notably reduced
as a result of the increased field of Fe,.***" For our ALD grown
e-Fe,0; thin films, on the other hand, the strong weakening of
the magnetization is not observed,*" being in accordance with
the continuous Fe, field.

The reason for the different behavior of Fe, remains unclear.
Contributing factors could be the grain boundaries and the devi-
ation of the theoretical iron occupancies in the structure and,
relatedly, different degrees of distortion of the polyhedra. This
could also explain why the internal values of the four iron com-
ponents in general were slightly lower and why the distorted Fe;
and Fe, were more distinguishable (larger difference in internal
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fields) from each other in the thin film as compared to the bulk-
type structure.

3. Conclusions

In this study, *’Fe Mossbauer measurements were successfully
applied for studying the phase purity, magnetic transitions, and
hyperfine interactions of e-Fe,O5 thin film deposited on Kapton
tape through ALD. The hematite impurity covered only 2.5% of
the spectral intensity, confirming the high phase purity of our
ALD-grown &-Fe,O3 films. In addition, a minute paramagnetic
component most likely originating from small superparamag-
netic iron oxide particles was observed. Overall, the e-Fe,0; films
were of high purity, which was also seen from the symmetric
magnetic hysteresis loops, free from the necking caused by softer
magnetic impurity phases.

Four spectral components originating from the four crystal
sites in e-Fe,0; were discerned in the Mossbauer spectra. The
theoretical 25% each component intensity for the magnetically
ordered sextets was approached with increasing temperature
but not completely reached until hitting the Curie temperature
around 481 K. As compared to reported bulk (nanoparticle) mate-
rial, the low-temperature transition occurring between 110 and
150 K was shifted to a higher temperature range, between 208
and 228 K, but distinctly seen from the Méssbauer data. The non-
ideal site intensities and the shifted transition temperature were
tentatively assigned to grain boundaries and strain induced by
the substrate.

The high Curie temperature was also confirmed for the films;
the spectrum obtained at 481 K was practically paramagnetic with
weak magnetic wing features of the ongoing demise of the mag-
netic order. No indication of a high-temperature magnetic phase
was observed for this thin-film sample. The implementation of
the Mossbauer spectroscopy for e-Fe,Oj3 thin films allowed pre-
cise investigation of the composition and magnetic characteris-
tics, hence proving the applicability and high value of Méssbauer
spectroscopy for ALD thin films.

4. Experimental Section

The &-Fe,O; films were deposited at 280 °C in a flow-type hot-wall ALD
reactor (F-120 by ASM Ltd.). Iron chloride (Merck, 95%) and deionized
water were used as precursors. The FeCl; powder was placed inside
the reactor in an open boat and heated to 158 °C for evaporation, whereas
the deionized water was kept in a cylinder outside the reactor at RT.
Reactor pressure was kept at 3-5 mbar; nitrogen (99.999%, flow rate
300 SCCM) was used both as carrier gas and purging gas. Parallel dep-
ositions were carried out on 3 x 3 cm? silicon wafers (with a native oxide
layer) for basic characterization, and on 4 x 4 cm? Kapton (polyimide) tape
for both magnetic and Méssbauer measurements. The number of ALD
cycles applied was fixed to 4000 for samples intended for M&ssbauer
and SEM characterizations, to yield 204 nm-thick in situ crystalline
e-Fe,03 coatings as confirmed with spectroscopic ellipsometry and XRD.

The spectroscopic ellipsometry measurements (J.A. Woollam
M-2000U1; 240-1700 nm) were carried out for films deposited on silicon
substrates. The data were fitted with the CompleteEASE software. Crystal
structure of the films was verified with XRD (X'Pert MPD PRO Alfa T,
PANalytical; Cu Koy radiation). Additionally, an XRR measurement was car-
ried out for a 60 nm g-Fe,O; film with the same equipment. The XRR curve
was fitted with X’'Pert Reflectivity software (PANalytical) to obtain esti-
mates for the film density and roughness. FTIR spectroscopy (Bruker alpha
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1) was used to investigate the chemical bonding in the films; the contri-
bution of silicon substrate was subtracted from the measured FTIR spec-
tra. The film morphology was investigated for e-Fe,O; films deposited on
both silicon and Kapton substrates with SEM (Tescan Mira 3) imaging.
The specimens were mounted on specific sample holders by applying a
conductive carbon tape and, prior to the imaging, the films were coated
with a &5 nm-thick conductive coating through sputtering (Quorum
Q150T ES Sample Coater) using an Au/Pd 80/20 target.

Magnetic properties were studied using a vibrating sample magnetom-
eter (VSM; Quantum Design PPMS). The measurement was done for a -
Fe,O; film grown on 3 x 4 mm? Kapton substrate; this sample was glued
with GE varnish on a quartz plate. The magnetic field was applied parallel
to the film surface (in-plane direction) between —50 and 50 kOe.

The 3’Fe Méssbauer measurements were performed in transmission
geometry using a 2year old 50 mCi Co-57(Rh) source from Rietverc
Co. A linear Doppler velocity with maximum velocities of 11-11.5 mm s ™"
was used. The absorber was made by cutting the films deposited on
Kapton tape in circular pieces with a diameter of 18 mm and stapling them
on top of each other to get a stack of 16 layers (total iron oxide thickness
~3.26 pym). The absorber was measured at temperatures between 77 and
305 K, using an Oxford ITC-506 continuous-flow cryostat equipped with an
ITC4 temperature controller. At temperatures between 333 and 481K, a
home-built resistive furnace was used to heat the sample. The temperature
was controlled using a Keithley 9700 temperature controller and the fur-
nace was continuously flushed with a small flux of dry N, gas to prevent
oxidation.

The spectra obtained were fitted using five magnetically split sextets
with the internal field, quadrupole coupling constant, isomer shift, and
relative component intensity as fit parameters. Due to sample texturizing
(orientation of the film), the angle (6) between the direction of the gamma
quanta and the local quantization axis (direction of the internal field) was
also fitted. One global @ parameter was used for all components.
Additionally, a paramagnetic doublet, with the quadrupole coupling
constant, isomer shift, and relative component intensity as fit parameters,
was used. All components were constrained to have equal linewidth T,
except a sextet assigned to a-Fe,O3 which had clearly narrower linewidth.

Additional broadening of the sextets was handled using a Gaussian dis-
tribution of the internal field with the width of the distribution (AB) as a fit
parameter. Traces of iron in the beryllium window of the detector and the
heat shields of the furnace were modeled using a small quadrupole
doublet with fixed split and isomer shift.
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