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Abstract

Iron oxides are a ubiquitous class of magnetic materials, holding the promise of spintronic devices and magnetic hyperthermia
based on their tunable magnetic and electric conducting properties. However, their high sensitivity towards oxidation/reduc-
tion environments makes them difficult to control in a reversible and scalable manner. Here we demonstrate two different
approaches for reduction of antiferromagnetic insulator a-Fe,O; thin films into ferrimagnetic conductor Fe;0, thin films.
The wet H, reduction process is more efficient than the vacuum and inert gas atmosphere when producing nanocrystalline
Fe;0, thin films. We measure low-temperature physical properties and find that the wet H, reduction process drives pro-
nounced changes in magnetic anisotropy, Verwey transition, and surface spin canting-induced exchange bias in Fe;0, thin
films. We also explain how phase formation in nanocrystalline iron oxide thin films is different from their bulk equilibrium

phase diagram.

Keywords Thermal reduction methods - iron-oxide thin films - Verwey transition

Introduction

Earth-abundant iron oxides are exotic materials on account
of their unique properties, such as chemical and thermal sta-
bility and reduced toxicity over other conventional oxides.'™
The rich Fe-O phase diagram consists of many technologi-
cally important oxide phases including FeO, a, f, y, and {
variants of Fe,O5, and Fe;0, promise futuristic nanotronics
and nanobiotechnological applications.>’* On the one hand,
antiferromagnetic (FeO and a-Fe,0;) oxides can play a key
role in emergent antiferromagnetic spintronics, ° wherein
Neel temperatures (7y) can be tuned by controlling their size
and introducing strain in the nanostructures. On the other
hand, ferrimagnetic (y-Fe,O; and Fe;0,) oxides not only
have been customized for magnetic hyperthermia, '° but
also have potential in homojunction devices such as mag-
netic tunnel junctions, spin filters, and spin Seebeck effect
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geometries,''™'* in which tunable insulating-to-conducting

layers are required of the same materials. The magnetic and
conducting properties of iron-oxide thin films are strongly
dependent on the growth conditions, especially on oxygen
partial pressure and growth temperatures,'>!>~!7 owing to the
sharp phase boundaries among the various iron oxides.>!?
Consequently, an in-depth study and understanding on for-
mation of iron-oxide thin films across phase boundary and
their correlated properties is a demand of our time.

Comprehensive work regarding the growth of iron-oxide
thin films using various deposition techniques has been
cumulatively performed by many groups,>!>!# but the ther-
modynamic theory of the growth of their nanostructures
remains elusive. Although we know that phase forma-
tion in iron-oxide structures depends upon growth condi-
tions,'>!>717 the effect of the post-reduction process on the
magnetic properties of iron-oxide thin films have not been
explored rigorously. Here, we investigate how these proper-
ties can be easily tuned in sputtered iron-oxide thin films
depending on the choice, amount, and oxidation state of Fe
ions at the nanoscale through specific post-reduction routes
used for their fabrication.
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Experimental

In the first step, iron-oxide thin films were sputtered from an
a-Fe,0; target onto fused quartz substrates at three different
radio-frequency (RF) power levels (P): 50, 100, and 200 W
in a pure argon gas atmosphere of 7.2 X 10> mbar at room
temperature. The substrates were neither heated nor cooled
during the sputter deposition. In the second step, as-grown
(AG) films were subjected to two different reduction pro-
cesses, namely, vacuum annealing (VA) and wet H, anneal-
ing (HA) to produce single-phase Fe;O, films. The reduction
of a-Fe,0; in the HA and VA process can be described by
3Fe,05;+H, — 2Fe;0,+H,0 and 3Fe,0; — 2Fe;0,+1/20,,
respectively.!” For the VA process, the AG films were
in situ-annealed at 500 °C for 1 h under dynamic vacuum
~4 x 107 mbar. In the HA process, the AG films were ex
situ-annealed at 450 °C in H,/H,O gas atmosphere for 15
min in a tubular furnace with flow control. X-ray diffraction
(XRD) analysis of the films was performed by a PANalyti-
cal X’Pert PRO x-ray diffractometer using CuKa radiation.
Electrical transport measurements were performed using a
four-probe method between 30 and 300 K. The magnetic
properties were measured using a Quantum Design Physi-
cal Property Measurement System (PPMS). The zero-field
cooled magnetization (ZFC) was measured first by cooling
the samples from room temperature to 5 K in zero applied
field, after which a field of 5 kOe was applied and the mag-
netization was measured whilst increasing the temperature
to 305 K. X-ray photoelectron spectra (XPS) were collected
on a Microtech Unit ESCA 3000 Spectrometer with source
Mg Ka (1256.6 eV).

Results

XRD patterns of the AG, HA, and VA films at different RF
power are given in Fig. 1. The XRD pattern of the AG film
does not show any XRD peaks at 50 W, but as we increase
the RF power to 100 W, two sharp peaks appear at around
20 of 35.60° and 63.99°. The former peak (20 = 35.60°) may
be indexed to either the (110) planes of a-Fe,O; or the (311)
planes of Fe;0,, and the latter peak (26 = 63.99°) to the
(300) planes of a-Fe,O; with some modification of lattice
parameters. However, interestingly, in 200 W films, these
two peaks shift towards lower 20 values which are closer to
the (311) and (440) planes of Fe;O,. The lattice parameters
of these films are calculated in Table I by assuming them to
be either the hexagonal a-Fe,O; phase or the cubic Fe;0,
phase, and indicate that a-Fe,Oj; is the dominant phase in
the 100 W film and Fe;O, in the 200 W film.

In comparison, XRD patterns of HA and VA films do not
show any a-Fe,O; phase at any of the RF power used. Three
low-intensity XRD peaks (311), (220), and (440) of the
Fe;0, phase can be seen in 50 W films, which later increase

Table | Lattice parameters calculated for hexagonal a-Fe,O; and
cubic Fe;O, phases for AG films

RF power a(A) ¢ (A) aA)
W) o-Fe,05 (bulk*F2%%: ¢ (A)=  Fe,0,
5.038 and ¢ (A) =13.77) (bulkF30*: 4
(A)=8.39)
100 5.037 - 8.28
200 5.069 13.29 8.39
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Fig. 1 XRD patterns for AG, HA, and VA films at different RF power.
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in intensity in 100 W films, exhibiting (0) texture in both
the HA and VA cases. At the higher power of 200 W, the
HA films show XRD pattern typical of a randomly oriented
Fe;0,, while VA films contain impurity FeO and y-Fe,0,
phases along with the Fe,O, phase. The average grain sizes
and lattice parameters of Fe;0, phases in HA and VA films
are in the range of 27-42 nm and 8.36-8.39 A, respectively
(see Table II). We also note from Table II that the average
grain size of HA films increases with RF power; on the other
hand, grain refinement is seen in 200 W VA film due to the
generation of impurity phases. Thus, the XRD data indicate
that RF power plays an important role in determining the
crystalline phases, grain sizes, and film textures.

To determine the effect of the presence of various iron
oxides on the magnetic properties of AG, HA, and VA films,
we measured in-plane M—H loops at 300 K, shown in Fig-
ure 2. The AG films show large non-saturation behaviors at
higher magnetic fields (high-field susceptibility) and very
small coercivity values within the experimental accuracy.
The spontaneous magnetization (4zMs) of AG films has a
low value of 20 G in 50 W film, which rises for 100 W (370
G) and 200 W (1.2 kG), compared to the only 20% bulk
Fe;0, value of 5.9 kG. However, this 20% of bulk (4zMy)

value was improved significantly in HA and VA films (see
Table II), while the former achieved 90% of the bulk value
in 200 W film, and the latter has 71% of the bulk value in
100 W film. The low value of 34% in the 200 W VA film can
be attributed to the presence of antiferromagnetic (FeO) and
lesser magnetic (y-Fe,03) impurity phases. The increase in
4nMy value in HA films as a function of RF power can be
explained on the basis of grain growth (see supplementary
Figure S1). However, the 4zM value still being lower than
the bulk values can be attributed to the large grain boundary
volume, which commonly observed in the nanocrystalline
ferrite thin films.'® Interestingly, HA and VA films show
well-defined M—H loops with less high-field susceptibility
values and reasonable coercivity (200—390 Oe) values com-
pared to the AG films.

As a complementary technique to XRD, XPS study was
carried out to support magnetic results to check whether
there is a presence of any residual oxide phases other than
Fe;0, in our HA and VA samples. Fig. 3 shows the XPS sig-
nals of the Fe2p core level spectra consisting of two broad
peaks of Fe-2p,,, at 710.22 eV and Fe-2p;,, at 724.04 eV,
indicating presence of Fe;0, phase.!” The broadening of
Fe-2p spectra is due to Fe;0, contains mixed-valence Fe™

Table Il Variation of 47M,

. s HA films VA films
lattice constant, and grain sizes
in HA and VA films with RF RF power (W) 4aMg (kG) Latticeo con-  Grainsize 4aMg (kG) Latticeocon- Grain
power at 300 K. stant (A) (nm) stant (A) size
(nm)
50 4 8.36 27 3.1 8.38 21
100 4.8 8.38 33 4.2 8.38 24
200 53 8.39 42 2 8.40 20
SoW 100W 200W
4t 4 4
’ I 0 ) _—f
~ -4 -
4 VA VA 4 VA
% af 4 4
<+ ot 1] 0
-4 -4 -4
HA HA HA
1
0.05 2
0.00¢ 0 0
-0.05 Ac| AG| , AG
-4 -2 0 2 4 -4 -2 0 2 4 4 2 0 2 4
H((kOe)

Fig.2 M-H loops taken at 300 K for AG, HA, and VA films at different RF power.
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Fig.3 Fe2p core-level XPS spectra of HA and VA films at different
RF power.

and Fe*? ions in comparison to single Fe*3 ions in a-Fe,05
and y-Fe,O; phases. However, two satellite peaks located
around 714 eV and 719.8 eV can be seen in 200 W VA
films, which are characteristic of Fe*> and Fe*? ions, respec-
tively,'” indicating the presence of residual FeO and y-Fe,O;,
phases that are not fully transformed into Fe;0, phase.
From the above structural (XRD, XPS, and Raman spec-
tra; see supplementary Figure S2) and magnetic studies,
it is apparent that HA films are single-phase Fe;0, with
reasonably good 4nMg values; therefore, we chose these
films for further low-temperature magnetic and electric
transport investigation. We plotted in Fig. 4 the normalized
ZFC magnetization values, M/M(5 K), against increasing
temperature from 5 K to 305 K at a fixed magnetic field of
5 kOe for HA films with respect to RF power. The mag-
netization of the HA films increases initially with decreas-
ing temperature according to the Bloch law M(T)=M (0)
[1—(T/T)"], with n = 5/2 instead of n = 3/2 (which is
normally observed in ferromagnetic materials'’). This
deviation can be ascribed to the nanocrystalline nature of
our HA films.!” Notably, the ZFC magnetization behavior
of HA films is dissimilar to the behavior of AG films (see
insets), which show typical paramagnetic behavior in 50 W
films and the mixture of paramagnetic and ferrimagnetic
behaviors in 100 and 200 W films due to the presence of
impurity iron oxide phases. Interestingly, HA films show
broad maxima in ZFC magnetization curves (at different
temperatures for different RF-power films) after which
ZFC magnetization starts decreasing gradually. Typically,
in interactive nanocrystalline ferromagnetic materials
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Fig.4 M-T curves taken at 5 kOe for HA films at different RF power.
The orange vertical dotted line represents Verwey transition tempera-
ture Ty. The Ty and T* peaks indicate the blocking process of Fe;0,
grains and surface canted grains, respectively. Insets show corre-
sponding M-T curves of AG films.

these broad maxima can be attributed to the blocking tem-
peratures.lg’20 If this is the case, then smaller-grain-sized
50 W films should show lower blocking temperature (75)
than the larger-grain-sized 100 and 200 W films, which is
actually opposite the behavior observed in our study. This
unusual ZFC magnetization behavior can be understood as
follows: the drop in ZFC magnetization can be caused not
only by the blocking temperature but also by the presence
of the Verwey transition.!” The Verwey transition normally
occurs at temperature 7y, = 120 K, wherein the structure of
Fe;0, changes from the high-temperature cubic to the low-
temperature monoclinic phase, leading to the anisotropy
change.13 Therefore, in 100 and 200 W films, those with
larger grain sizes and good 47M should display Verwey
transition and, because of overlapping of this with Ty, one
would see a drop-in magnetization at a lower temperature.
On the other hand, in the 50 W film, which has an inferior
crystalline quality and low 4nMg values, Ty may suppress
the Verwey transition and we see the ZFC magnetization
drop at higher temperatures. Further, at low tempera-
tures around 30-50 K we see another shoulder-like peak
(marked by 7%) in all HA films, which may correspond to
the T} of very small grain sizes or surface spin canting
of nanograins, below which ZFC magnetization increases
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rapidly again, as has been reported in laser-ablated Fe;O,
thin films."’

To understand the effect of various magnetic transitions
in HA films, the ZFC M—H loops at 5 K and 300 K are plot-
ted in low field regions (0—800 Oe) for comparative study, as
shown in Fig. 5. Below either T or T, the coercivity (Hc)
values are expected to increase because of spin blocking'” in
the former case and the high anisotropic monoclinic Fe;0,
phase!” in the latter case. We observed almost twofold Hc
enhancement in all HA films. Surprisingly, we can notice
that 5 K M—H loops are asymmetric in 50 W films at ori-
gin with different Hc+ (750 Oe) and Hc—(640 Oe). This
is a typical feature of exchange bias phenomena wherein
interfacial interaction between antiferromagnetic (AFM) and
ferromagnetic (FM) surfaces causes shifted M—H loops with
increased coercivity when measured under FC conditions.?!
However, the observation of such exchange bias even for in
the ZFC condition is interesting; this may be because of the
surface canted spin of nanograins of HA films,?? whose spins
get blocked below T* < 50 K (see Fig. 4) and show AFM
ordering which provides AFM/FM exchange interaction with
ferrimagnetic Fe;0, grains. However, this effect is less pro-
nounced in higher-RF-power HA films compared to the 50
W films, as higher-RF-power films are better crystalline.

Low field regions High field regions

4 HA i 200W : -
0 /ﬁ /
-4%?2 i
A 100W| /
G| | f/ :
L e
: : 0
4tHA | 50W |
He. | :
s
N -800 : -400 400 : 8000 0 2500 5000
H(Oe) H(Oe)

Fig.5 ZFC M—H loops of HA films of different RF power taken at
5K and 300 K near origin and high field regions.

This surface spin canting also results in larger non-satura-
tion behaviors of M—H loops at high field (1000—5000 Oe)
regions,?> which is, otherwise in ferrimagnetic samples,
expected to decrease at low temperatures. Hence, we can
easily notice how various transitions affect the magnetic
properties of nanocrystalline Fe;0, films, which is otherwise
difficult because the Verwey transition is extremely sensitive
to the nanostructure sizes.*

Consistent with the ZFC magnetization study, the effect
of nanocrystalline nature on the electric transport properties
of HA films were examined by measuring resistivity (p) vs.
temperature (7) curves shown in Fig. 6. The AG films of
50W and 100 W are highly insulating because of the pres-
ence of the a-Fe,O5 phase, which is beyond the measuring
capability of our instrument but the room-temperature resis-
tivity of 200 W film was measured as 0.96 Q-cm. Room-
temperature resistivity values of HA films are in the range of
40—-450 mQ-cm, however, which is higher than the single-
crystal Fe;0, resistivity value of 4 mQ-cm.'? This further
confirms that annealing in wet H, transforms a-Fe,O; into
the Fe;0, phase and improves the electric conductivity. The
HA films do not show sharp Verwey transitions in resistivity
data like the ZFC magnetization data, as normally observed
in the single-crystal Fe;0, at 120 K.** Although, the signa-
ture of some sort of charge ordering can be seen at different
low-temperature regions. The suppression of sharp Verwey
transitions in p vs. T curves compared to the M vs. T can be
linked with defects, large grain boundary density, off stoi-
chiometric Fe**'Fe3* ratios, and micro/nano strains present
in nanocrystalline Fe;0, thin films, as has been explained
in laser ablated Fe,0, thin films.?* The experimental p vs. T

6| 200w ik
(@]
0
-3 fitto log (/) = E /lgT |
N Q
@ 6| 100W Pt
O HA
aﬁ 3 06)
= 0
-3

o
¢

. Q
3l S0W o o
HA
0 WQ
3t
0 5 10 15 20 25
1000/T(K™)

Fig.6 log.p vs. 1000/T curves for HA films at different RF power
(open circle). Red solid lines represent log, (p/p,) =E,/kgT equation.
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data of HA films could be linearized in the log, (p/p,) —1/T
axis between 150 K and 300 K, suggesting a thermally acti-
vated hopping transport mechanism. The reasonably good
fit gives the activation energy E, of HA films in the range of
(30—48) meV, which is comparable with the observed bulk
value of 20-40 meV.*

Discussion

Based on different reduction conditions of VA and HA
to obtain Fe;O, thin films, we construct a phase diagram
between temperature (7) vs. oxygen partial pressure P(O,)
in Fig. 7. To understand crystalline phase formation in Fe;0,
thin films, phase diagrams of bulk formats are also included.
The phase diagram for the bulk at thermal equilibrium fol—
lows successive reduction processes: FeZO3—> = Fe304+ g
0,, Fe;0,— 3 FeO+— O, and FeO— Fe+ 0O, at high T and
low P(O,), as theoretically calculated (different solid color
lines) by using Gibbs free energy AG® = —2.303 RT log,
(P)-2* On the other hand, Fe,05+3 Hy— 3 Fe;0,+1H
,O (dashed red line) process can be theoretically calculated
by using Gibbs free energy AG® = —2.303 RT log,(Py0/
Pm).z&29 In this study, the major parameter is the annealing
temperature, T and P, (VA films), and Py,q/Py, (HA films)
because, irrespective of RF power, samples were annealed
at the same conditions. The VA films (orange) and HA films
(green) are represented by solid spheres in the phase dia-
gram. Surprisingly, the transformation Fe,0;— Fe;O, in
VA films takes place at lower T and high P(O,) compared
to the bulk equilibrium process, and in high RF films few
impurity phases also appear, which is expected at extreme
conditions (higher 7 and lower P(O,)). Simultaneously, HA
films exhibit the successful transformation of Fe,0;— Fe;0,

[y -1
o
)
™~ " VA samples
400 4\\"“ HA samples 7
N\
0\‘\)\\/ = a B
v\\\x - 2 o
200L0 g- Q i
g *é
X &
. . 284
-15 -10 -5 0

Log,o(P(O,) mbar)

Fig.7 Relation between P(O,) vs. T for thermal equilibrium between
various Fe-O phases (solid lines) and dashed line shows H,O isobar
for 1 bar. Growth conditions of VA, HA, and AG films (color solid
spheres).
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in all RF power samples. The progress of the partial transfor-
mation of Fe,0;— Fe;0, with RF power in AG films is also
approximated by the pink solid spheres positioned parallel
to the temperature axis. These results indicate that the trans-
formation of Fe,O;— Fe;0, at the nanoscale is not the same
as the bulk thermodynamic equilibrium process because of
the increased surface-to-volume ratio and modified kinetics.

It is interesting to note from this study that sputter power
plays a significant role in determining the physical proper-
ties of Fe;O, thin films even after the reduction process (VA
and HA). For instance, (0) texture, smaller grain sizes, lower
magnetization, and higher resistivity values are observed
in low-sputter-power-grown Fe;0, films compared to the
randomly oriented high-sputter-power Fe;O, films with
improved magnetic and electric properties. Further, simi-
lar reduction conditions lead to different properties of films
grown at different RF power. We believe that during the
deposition of AG film, crystallites not detectable by XRD
are formed, which act as nucleation centers for further crys-
tallization during the VA and HA reduction processes. The
sputtering process generally involves a complex series of
collisions and energy transfers between many atoms; there-
fore, it is difficult to model the sputtering process effect
based on various experimental parameters such as growth
temperature, oxygen pressure, and RF power.*” In the pre-
sent case, the situation becomes more complicated since dif-
ferent reduction processes are involved. The structure of the
Fe-based oxide is very sensitive to Fe/O ration and multiple
ionic states of Fe. Due to a sharp phase boundary among the
Fe;0, Fe, FeO, and a-Fe,0; phases,””’ the oxygen pressure
condition has to be strictly satisfied.

Conclusions

We have examined different reduction processes of convert-
ing antiferromagnetic insulating a-Fe,O; thin films into fer-
rimagnetic conducting Fe;0, thin films. In particular, we
investigated how the wet H, reduction process affects the
formation of Fe;0, nanocrystalline thin films, yielding con-
trasting magnetic properties compared with the bulk Fe;O,,.

e While sputtering in an inert Ar atmosphere cannot pro-
duce single-phase Fe;O, thin films from the a-Fe,0;
target at given RF power, wet H, annealing provides an
efficient reduction process for the complete conversion
when compared to vacuum annealing.

e [t is also found that irrespective of the post-reduction
process, sputtering RF power has left a signature in many
physical properties such as grain sizes, texture, and cor-
responding magnetization values.

Low-temperature magnetic studies on wet H, annealed
films exhibit dramatic changes in the magnetic anisot-
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ropy, Verwey transition, and canted magnetism in terms
of broadening of maxima peaks 7§, reduction in the value
of Ty, and exchange-shifted ZFC M—H loops.

e The larger resistivity compared to the bulk Fe;O, and
observation of faint Verwey transition can be ascribed to
the nanograin sizes present in wet H, annealed films.

e Lastly, the observed phase diagram modulation in our
Fe;O, thin films compared to the bulk equilibrium, as
presented, originates essentially from modified kinetics
and thermodynamics of phase formation offered by nano-
sized grains that possess a large surface-to-volume ratio.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11664-022-09566-y.
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