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We report on the transport and magnetic properties of iron-deficient Fe;O4 (Fe; sO4) thin
films grown with pulsed-laser deposition, where the stoichiometry and amount of cation
vacancies are precisely controlled through changes in the oxygen partial pressure during growth.
As the stoichiometry evolves from Fe;O4 to y-Fe;Os;, three distinct structural and magnetic
regimes emerge: a Fe;Ou-like regime, a y-Fe,Os-like regime, and a transition regime. While
reflection-high energy electron diffraction measurements reveal that films in all three regimes
grow epitaxially cube-on-cube on MgO substrates, the transition-regime films are characterized
by an absence of long-range, out-of-plane ordering in the film. Selected area electron diffraction
measurements reveal the transition-regime films are well-ordered on a local level, but not
throughout the entire film. The structural disorder of the transition-regime films does not
manifest itself in the transport properties, where a systematic change in resistivity, due primarily
to variations in the Fe’":Fe’" cation ratio, occurs continuously throughout all three regimes.
Large differences are observed, however, in the magnetic properties of the transition-regime
films, which are reminiscent of magnetically disordered systems. We attribute this unique
magnetically disordered state to magnetic frustration arising at the boundaries between the

different locally ordered regions.



I. INTRODCUTION

The many novel properties of magnetic oxides, such as their high transition
temperatures,[ 1] chemical stability,[2] and complex phase diagrams,[3,4] make them ideal for
incorporation into many electronic and energy applications. As bulk materials, magnetic oxides
have been extensively used in transformer cores, magnetic memory cores, and microwave
devices,[5-7] while thin films have been incorporated into elegant devices and heterostructures,
such as magnetoelectric devices,[8-13] magnetic tunnel junctions,[14-17] and spin filters.[18-22]
Thin films also allow for the precise tuning of magnetic properties through epitaxial strain,[23-
27] reduced dimensionality,[28-32] and chemical doping.[3,4,33,34] While the majority of
controlled chemical doping studies have focused on cation doping, the functionality of magnetic
oxides can also be enhanced through the precise control of oxygen and cation vacancies,[35-38]
of which the latter has been far less studied.

One class of magnetic oxides that has a long history of use as bulk magnetic materials
are the spinel ferrites (TMFe,04, TM = transition-metal cation). These materials crystallize in the
spinel crystal structure with 2/3 of the cations octahedrally coordinated and the remaining 1/3 of
the cations tetrahedrally coordinated. The parent material of the spinel ferrites is magnetite
(Fe304), in which the Fe*" cations sit on octahedral sites and the Fe’™ cations are equally split
between octahedral and tetrahedral sites. The moments on the octahedral and tetrahedral sites
interact antiferromagnetically, giving rise to ferrimagnetism with a magnetic critical temperature
(T,) of 858 K.[1] In addition to its magnetic properties, Fe;O4 has also been well studied for its
so-called Verwey transition (7v),[39] which is a structural and charge-ordering transition around

120 K that is characterized by a change in crystal structure from cubic to monoclinic and an



increase in resistivity by over two orders of magnitude,[40-44] and more recently, for reports of
multiferroicity below 7v.[45-47]

The spinel crystal structure has many cation vacancies, with only 1/2 of the octahedral
sites and 1/8 of the tetrahedral sites filled. A second spinel iron oxide phase, y-Fe;Os, can also be
created by removing 1/6 of the octahedral cations from Fe;O4 and fully oxygenating all the iron
cations to be Fe’". The cation vacancies in y-Fe,O;3 order in a larger supercell, where the c-axis is
triple the size of the a- and b- axes and the a-axis lattice parameter is reduced from Fe;O4 (a =
8.33 A for y-Fe,03 and a = 8.395 A for Fe;0,).[48,49] y-Fe,0; is a ferrimagnet with a magnetic
moment that is reduced by ~40% compared to Fe;O4 and has a 7, = 950 K.[50] How the
structure, electronic properties, and magnetic properties change as the stoichiometry, and hence
the amount of cation vacancies, varies between these two endpoints is still an open question.
Prior studies of thin films of Fe; sO4 with stoichiometries between Fe;O4 and y-Fe,O; have
concluded from reflection high-energy electron diffraction (RHEED) that all of these
stoichiometries crystallize in the spinel crystal structure.[51,52] The one previous study that
included magnetic measurements, however, only used magneto-optical Kerr spectroscopy to
assess stoichiometry, not to examine the magnetic properties.[53]

In this work we precisely control the stoichiometry of Fes; 504 between Fe;O4 and y-Fe,O3
and explore the evolution of the crystal structure and the electronic and magnetic properties.
While the in-plane lattice parameters remain constant for all stoichiometries between Fe;O4 and
y-Fe,03, measurements of the out-of-plane lattice parameter result in the emergence of three
distinct structural regimes: 1) a Fe;O4-like regime, 2) a y-Fe,Os-like regime, and 3) a transition
regime for intermediate stoichiometries where no out-of-plane diffraction conditions are

observed. We conclude that the loss of long-range, out-of-plane order is the result of local well-



order structural regions, which differ from each other throughout the film. The loss of long range
structural order in the transition-regime films does not greatly affect the electronic properties,
where transport is largely controlled by the chemistry of the film through the ratio of Fe*":Fe’*
cations. It does manifest itself, however, in the magnetic properties, where we observe a
magnetically disordered state that arises due to the incommensurate magnetic structure at the

boundaries of the locally ordered regions.

II. EXPERIMENTAL DETAILS

Iron oxide thin films with thickness of ~30 nm were grown on MgO (001) substrates via
pulsed-laser deposition at a temperature of 250 °C and a laser fluence of 1.5 J/cm” in a constant
background gas pressure of 2 x 107 Torr, with a variable mixture of O, and Ar. A growth
temperature of 250 °C is necessary to ensure that there is no Mg diffusion from the substrate into
the Fe; sO4 film.[54,55] Before growth, the substrates were ultrasonically cleaned in acetone and
isopropanol and annealed in situ at 1 x 107 Torr and subsequently in 2 x 10 Torr of O, at 450
°C for 20 minutes each. The stoichiometry of the films was controlled by adjusting the O, partial
pressure, which ranged from 0 Torr (Fe;O4) to 2 x 107 Torr (y-Fe,03). Immediately following
growth, the films were transferred in situ to a load-lock chamber, held at a pressure of ~1 x 107
Torr, and allowed to cool to room temperature as fast as possible in hopes of fixing the oxygen
stoichiometry that was set during growth. The stoichiometry was estimated from a combination
of X-ray diffraction and electrical transport measurements [Table 1, Supplemental Information,
Fig. S1]. The structure and growth rate were monitored during growth with RHEED, and the
final film thickness was measured ex situ with X-ray reflectivity [Table 1]. Deviations in the

growth rate from sample to sample were not dependent on film stoichiometry; instead the growth



rates were mostly likely dependent on small changes in laser energy and deviation of that energy
during growth. Further structural characterization was carried out with high-resolution X-ray
diffraction and transmission electron microscopy (HR-TEM)-based selected area electron
diffraction (SAED) using a 50 nm electron beam size. Four-point transport measurements were
performed in a van der Pauw geometry and magnetic measurements were performed with a
superconducting quantum interference device (SQUID) magnetometer. The magnetic domain

structure was analyzed with magnetic force microscopy (MFM).

II1. RESULTS
A. Crystal Structure

All films initially grew in a layer-by-layer growth mode, as evidenced by persistent
RHEED intensity oscillations of the specular diffraction spot [Figure 1(a)]. Each oscillation
represents the deposition of a single iron-oxygen monolayer, which is 4 of the unit cell of Fes.
sO4; hence, four oscillations represent the growth of a single unit cell. These oscillations
decreased in intensity throughout growth, eventually giving way to a constant intensity,
signifying a change to step-flow growth. RHEED patterns, with the electron beam aligned along
the [100], are displayed for the MgO substrate [Figure 1(b)] and for five films grown at oxygen
partial pressures of 1 x 107 [Figure 1(c)], 3 x 10 [Figure 1(d)], 1 x 10 [Figure 1(e)], 3 x 10
[Figure 1(f)], and 1 x 10~ Torr [Figure 1(g)]. The RHEED patterns for the Fes; ;04 films were
taken after film growth. Additional films were grown with oxygen partial pressures of 0 Torr and
2 x 10 Torr, and they exhibit nearly identical RHEED patterns to the films grown in 1 x 10”
Torr and 1 x 107 Torr, respectively. The RHEED patterns confirm that all Fes.sOy films grow

epitaxially in a cube-on-cube fashion on MgO. They exhibit a doubling of the in-plane unit cell



parameters as compared to MgO, as evidenced by a doubling in the periodicity of the RHEED
streaks that is expected due to a unit cell size being nearly twice that of MgO (a = 4.21 A). An
additional doubling of the RHEED streaks occurs for films that have a composition near that of
Fe;04, with the intensity of these peaks decreasing as the Fe:O ratio decreases [Table 1]. These
streaks originate from a well-known surface reconstruction that occurs in Fe;O4, but not y-
Fe,0s.[56] Lastly, all of the RHEED patterns are streaky, indicative of atomically smooth
surfaces; atomic force microscopy images of these films confirm that they are atomically flat,
with RMS surface roughnesses of less than 2 A for all films [Supporting Information, Figure S2].

To further characterize the crystal structure, we carried out on-axis 260-w X-ray
diffraction measurements for the Fe; 04 004- and 008-diffraction conditions for all seven films
[Figure 2(a)-(b), respectively]. Unlike the RHEED measurements, three distinct regimes emerge
from these measurements: Fe;Oy-like films, which are grown in low O, partial pressures, have
diffraction peaks near the expected peak position for a coherently strained Fe;Oy4 film; y-Fe,Os-
like films, which are grown in high O, partial pressures, have diffraction peaks near the expected
peak position for a coherently strained y-Fe,O; film; and transition-regime films, which are
grown in O, partial pressures between the other regimes, have no peaks corresponding to the
004- or 008-diffraction conditions [Table 1]. The Fe;O4- and y-Fe,Os-like films exhibit finite-
thickness Laue fringes, indicative of high-quality thin films with atomically sharp interfaces and
smooth surfaces. It is surprising that the 004- and 008-diffraction peaks for the transition-regime
films, which characterize the out-of-plane lattice parameters, suddenly disappear, especially in
light of the fact that there is no difference between the RHEED patterns from the different
regimes, which characterize the in-plane lattice parameters. Additionally, reciprocal space maps

about the 224- and 448-diffraction conditions of MgO and Fes.;04, respectively, for films grown



in 1 x 10° and 2 x 107 Torr confirm that the Fe;O4-like and y-Fe,O;s-like films are coherently
strained to the MgO substrate [Supporting Information, Figure S3].

We have performed SAED measurements to examine the local crystal structure of a Fes.
sO4 transition-regime film in an attempt to reconcile the differences between the RHEED and the
X-ray diffraction measurements. As a reference, the SAED pattern of the MgO substrate is
provided [Figure 2(c)]. SAED patterns taken at different areas of the film/substrate interface
[Figure 2(d) and (e)] reveal variations in the structural nature of the transition-regime film. In all
SAED patterns from the Fe; sO4 films, we observe additional diffraction spots compared to the
MgO substrate due to a doubling of the unit cell that corresponds to the known peaks for a Fes.
sO4 phase. Upon closer inspection, some probe areas contain additional diffraction spots
[compare Figure 2(d) and Figure 2(e)]. These additional diffraction spots correspond to an
additional doubling of the unit cell (which is 4x the size of the MgO unit cell), which does not
exist for any known phase of iron oxide, and may be due to a local ordering of the cation
vacancies. From the SAED measurements, we conclude that the transition-regime films are well

ordered on a local level, but a single ordering does not extend throughout the entire film.

B. Transport Properties
We investigated how the three structural regimes affect the transport properties of Fe; ;04
through resistivity and Hall effect measurements. Electrical transport in Fe;O4 occurs through
loosely-bound electrons hopping from the Fe®* cations to the Fe' cations.[57] As the
stoichiometry transitions from Fe;O4 to y-Fe,O3, the number of Fe’" cations decreases, which
should result in a systematic increase in the resistivity. This increase in resistivity has been

observed before in cobalt- and zinc-doped Fe;04,[58-60] where the doping of Co*" and Zn®**



cations results in the same Fe?":Fe’" cation ratio change as seen when the stoichiometry changes
from Fe;04 to y-Fe,Os. As in these previous studies, we also observe systematic changes in the
resistivity as the stoichiometry evolves from Fe;Oy4-like to y-Fe,Os-like [Figure 3(a)]. The films
grown in O, partial pressures of 0 and 1 x 10™ Torr have nearly the same resistivity, and both
show small Verwey transitions just below 100 K. The Verwey transition can be seen more
clearly by plotting the temperature derivative of the log of the resistivity [Figure 3(b)]. There are
two known causes by which this decrease in the Verwey transition temperature likely originates:
(1) a very slight iron deficiency from perfect Fe;O4 stoichiometry [61,62] and (2) a strain that is
induced from the mismatch in the thermal expansion coefficients between the film and the
substrate.[63] Films grown in O, partial pressures above 1 x 10 Torr exhibit a fairly smooth
change in their resistivities as the O, partial pressure increases [Figure 3(a)] and do not exhibit
Verwey transitions [Figure 3(b)]. The systematic changes in resistivity that we observe with
changing O, partial pressure during growth suggests that by changing the oxygen stoichiometry
we are reducing the density of Fe*" cations and the effect is truly chemical in nature.

Hall effect measurements taken at 300 K (Figure 4) were completed on the four films
grown at oxygen partial pressures less than 3 x 10™* Torr (films grown at higher pressures were
too resistive for reliable measurement) to extract the carrier concentration and the mobility with
changing growth conditions. The Hall resistivity at low fields is dominated by the anomalous
Hall effect, but becomes nearly linear at high fields (>30 kOe). The carrier concentrations and
mobilities were extracted from these high-field regions. The carrier concentration for the three
Fe;Os-like films are similar to each other and slightly less than for stoichiometric Fe;O4 thin
films.[64] This is not surprising since the XRD measurements showed that they all have nearly

the same lattice parameters and stoichiometries as each other, and resistivity measurements



revealed that they are slightly iron deficient compared to stoichiometric Fe;O4. The film in the
transition region (grown at 1 x 10 Torr), however, has a carrier concentration that is reduced by
30% — 40% compared to the Fe;Oy-like films, signifying a reduced number of Fe** cations and
an increased resistivity as a result. Additionally, the mobilities decrease systematically as the O,
partial pressure is increased, which is a signature of enhanced crystalline disorder within the
film. From the Hall effect data we therefore conclude that, while there is a chemical effect that
produces an increased resistivity in the transition region films, the increase in crystalline disorder
also plays a role.
C. Magnetic Properties

We studied the magnetic structure of these films by measuring the magnetization of each
film with a SQUID magnetometer; since these are thin films grown on MgO substrates, both the
film and substrate contribute to the measured magnetic signal. Temperature-dependent
magnetization curves measured at 1 kOe after both field cooling in 1 kOe and zero field cooling
for Fe;Os-like [Figure 5(a)], transition-regime [Figure 5(b)], and y-Fe,Os-like [Figure 5(c)] films
are displayed. A magnetic field of 1 kOe was chosen since it elicited a large change in
magnetization at the Verwey transition in the Fe;O4-like films. In all films, the sharp decrease in
magnetic moment with increasing temperature at low temperatures (< 20 K) is associated with
paramagnetic impurities within the MgO substrate; additionally the curves include a small,
negative, diamagnetic contribution from the substrate. While the general shapes (besides the
magnitude of the moment) of the field-cooled curves are similar, the zero-field-cooled curves for
films from each structural regime have characteristics that separate the regimes from each other.
The Fe;04-like films exhibit zero-field-cooled curves that increase in magnetic moment with

increasing temperature up to a temperature near 7y before becoming coincidental with the field-



cooled curve. As the stoichiometry deviates farther from stoichiometric Fe;O,, the magnetization
of the zero field-cooled curves rises more quickly and the temperature at which the field-cooled
and zero-field-cooled curves becomes coincidental changes from well above Ty to below Tv; this
change is associated with the loss of the Verwey transition. Conversely, the y-Fe,Os-like films
exhibit zero-field-cooled curves that are nearly coincidental with the field-cooled curves for the
entire temperature range measured. The most surprising zero-field-cooled behavior is in the
transition regime, where we observe a slow, long rise in the magnetic moment with increasing
temperature up to the temperature limit of the measurement, which is reminiscent of a disordered
spin-glass-like magnetic phase.

Field-dependent magnetization (M-H) loops were used to further probe the magnetic
structure of the Fe; sO4. In-plane M-H loops taken at 50 K of the Fe;O4-like, transition-regime,
and y-Fe,Os-like films [Figures 6(a), (c), and (e), respectively], along with in-plane and out-of-
plane M-H loops taken at 50 K of representative films from each regime [Figures 6(b), (d), and
()] are shown; the linear diamagnetic contribution from the substrate was subtracted from each
M-H loop. The in-plane and out-of-plane loops confirm that all films have in-plane easy axes,
which is well known for Fe;O4,[65] although this anisotropy is largest from the Fe;O4-like films
and smallest for the transition-regime films. Focusing on just the in-plane M-H loops, the films
from each structural regime again differentiate themselves from one another. The most obvious
difference between the different regimes is the large coercive fields, small magnetic moments,
and considerably less-square loop shapes that belong to the transition-regime films. The Fe;Oxs-
like and y-Fe,Os-like films have shapes that generally resemble each other, except for the larger
magnetic moment and coercive fields observed for the Fe;O4-like films. There is one similarity

between these two regimes, however, that is quite interesting. As the stoichiometry of each
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regime deviates from their stoichiometric end points (Fe;O4 or y-Fe,O3) towards the transition
regime, the M-H loops become more square as evidenced by larger remanent magnetizations and
sharper magnetization reversals. This suggests that there is an increase in magnetic anisotropy as
the stoichiometry moves from the stoichiometric endpoints towards the transition regime, but a
sudden, large decrease in anisotropy once the stoichiometry enters the transition regime.

To further investigate the magnetic structure of Fes; ;04 and to assess the size of the
magnetic and structural domains, we have performed MFM measurements. MFM images for a
Fe;Os-like film [Fig. 7(a)], a y-Fe,Os-like film [Fig. 7(b)], and two transition regime films [Figs.
7(c) and 7(d)] are provided. At first glance, the magnetic domain structures for each of these four
films do not seem to differ greatly from one another. To quantitatively assess the domain sizes,
we used a watershed algorithm to calculate the average domain size throughout the entire image
[Fig. 7(e)]. The domain sizes are generally 30 — 40 nm, expect for the thicker y-Fe,O; film,
which has larger domains around 55 nm, and the transition regime film that displayed the largest
amount of magnetic disorder, which has smaller domains around 28 nm. The smaller domains
observed in the transition regime film agree with the decrease in magnetic ordering and decrease

in anisotropy observed in the magnetometry measurements.

IV. DISCUSSION
By combining diffraction measurements with transport and magnetic property
measurements, we obtain a complete picture of how the crystalline, electronic, and magnetic
structures evolve as the stoichiometry of Fe; sO4 changes from Fe;O4 to p-Fe,Os. Our data
suggest that while the transport properties change systematically with varying stoichiometry, the

crystal structure and magnetic properties both do not continuously evolve between Fe;O4 and -
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Fe,0; as a function of iron content. It is not surprising that the changes in the transport properties
with stoichiometry are disconnected from the changes in the crystal structure. As previously
noted, transport occurs through electrons hopping from Fe*™ to Fe’ cations. This results in
electron hopping only being dependent on the next-nearest neighbor cations, and not on long-
range order. While we did observe a decrease in mobility as the stoichiometry moved towards
the transition regime that we attribute to the increase in disorder, the driving mechanism behind
the systematic change in resistance is the decrease in the Fe*":Fe’* cation ratio due to changes in
oxygen stoichiometry.

It is surprising, however, that the crystal structure and magnetic properties do not
continuously evolve as the stoichiometry changes, since thin films with these stoichiometries had
already been studied extensively. These previous studies, however, only examined the structure
with RHEED, in which the transition-regime films seem identical to Fe;O4 and y-Fe,Os. Only
after trying to identify the out-of-plane lattice parameters with X-ray diffraction measurements
were we able to identify that the transition-regime films are structurally different than Fe;O4 and
y-Fe;0s. In order to understand what is occurring in the transition regime, we need to examine
the diffraction and magnetometry measurements side-by-side. While the RHEED and X-ray
diffraction measurements seemingly provide contradictory conclusions, with RHEED observing
coherent in-plane lattice parameters and X-ray diffraction observing no coherent out-of-plane
lattice parameter, SAED measurements, which examines both in-plane and out-of-plane lattice
parameters, conclude that the transition-regime films are well ordered on a local level. This
ordering, however, is not consistent throughout the entire film, which leads to having different
regions of the film having different crystal structures. Since the in-plane lattice parameters are

clamped to the MgO substrate, any volume change due to local changes in the crystal structure
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will manifest themselves entirely in the out-of-plane lattice parameter. This ultimately leads to
the loss of a coherent out-of-plane lattice parameter throughout the entire film, as evidenced
from the XRD measurements.

The conclusions about the disordered structure of the transition regime correspond very
well with what we observe in the magnetic structure. To summarize the relevant results from the
magnetometry measurements, we have plotted the temperature at which the field-cooled and
zero-field-cooled M-T curves diverge upon cooling [Figure 8(a)] and the saturation magnetic
moments, remanent magnetic moments, and coercive fields of the 50 K in-plane M-H loops
[Figure 8(b)] as a function of O, partial pressure during growth. Clear differences emerge as the
stoichiometry of the film changes from the Fe;Os-like regime through the transition regime to the
y-Fe,0;-like regime. The field-cooled/zero-field-cooled divergent temperature is the temperature
at which the magnetic domains freeze and are no longer able to align with each other. In a well-
ordered ferromagnet, this occurs at a relatively low temperature since only a small amount of
energy is required to align the magnetic domains. In a material that lacks long range order,
however, it takes substantially more energy to align all of the domains and a much larger
divergence temperature is expected. This is exactly what we observe when we compare the
transition-regime films with the other films. The divergence temperature for the transition-
regime films is near or at the temperature limit of the measurement, while the divergence
temperatures of the Fe;Oy-like and p-Fe,Os-like films are much lower. Similar trends are
observed when examining the magnetic moments and coercive fields of the transition-regime
films compared to the other films. The transition-regime films experience a sudden drop in
magnetic moment combined with a sudden increase in coercive field, which is expected for a

film that lacks long range order — the magnetic moments are smaller due to the non-optimal
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arrangement of magnetic cations and the coercive field is larger since more energy is required to
flip the magnetic moments of these magnetic cations.

It is well known that thin films of the spinel ferrites grown on MgO have a loss of long
range structural and magnetic order across domain boundaries.[66] These domain boundaries,
known as anti-phase boundaries, are a result of the near doubling of the unit cell of the spinel
ferrites compared to MgO. They form when crystal growth begins at different locations on the
substrate, which are structurally out-of-phase with each other upon merging. New magnetic
interactions arise across these boundaries that result in magnetic frustration of the cations near
the boundaries. Magnetically this leads to thin-films that cannot be saturated under normal
laboratory magnetic fields (< 7T) and reduced magnetic moments.[66] It is interesting to note
that for ~30 nm films, the structural domains formed by anti-phase boundaries for Fe;O4 should
be on the order of 25 — 35 nm.[67,68] This is exactly what we observe for the magnetic domains
in our Fe;O4-like films, and we conclude that the magnetic domains that we are imaging are
likely the same as the structural domains formed by anti-phase boundaries. This makes sense
since anti-phase boundaries have antiferromagnetic magnetic orderings, which are the natural
places for domain walls to form.

It is also known that the size of the anti-phase domains scales with film thickness as
D « +/t, where D is the domain size and ¢ is the film thickness. In order to use this scaling law to
predict the anti-phase boundary domain sizes from the measured film thicknesses of our films,
we first fit the domain sizes for the Fe;O4-like films to this scaling law to obtain the correct
proportionality constant. We then used this proportionality constant to predict the domain sizes
for all of the films, [Fig. 7(e)] and we found that the scaling law works very well for all the films

except the transition regime film that has the largest magnetic disorder and the y-Fe,Os film. It is
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not necessarily clear that the y-Fe,O; film should obey the same scaling law as Fe;O4 films, and
this could lead to the deviation in the measured domain sizes of this film from the known scaling
law. What is more interesting is that the most disordered film has domains that are ~25% smaller
than they are predicted to be by the scaling law. This signifies that there is an increase in the
density of anti-phase boundaries in the transition regime, which should lead to an increase in
magnetic frustration.

The transition regime films also likely have a second source of magnetic frustration in
addition to the increased density of anti-phase boundaries. Since we observe regions of the
transition-regime films that have different structural order, we can assume that they have
different magnetic orderings as well. The boundaries between these different magnetic ordering
regions are likely to be frustrated in the same way that anti-phase boundaries are known to
frustrate spinel ferrite thin films. The transition-regime films now have two sources of magnetic
frustration: one arising from the increased density of anti-phase boundaries that are present in all
films grown on MgO and one arising from the different structural regions due to the oxygen
stoichiometry and amount of cation vacancies. The combination of these two factors leads to an
enhanced, magnetically disordered state for the transition-regime films. In addition to
discovering a new phase of epitaxially grown Fes ;04 that is magnetically disordered, this work
highlights the need to be able to both carefully control the growth process and to also thoroughly
characterize samples in order to report on the correct physical properties. This is especially
important considering that the Fe; sO4 phases in this transition regime exhibit vastly different

physical properties, most notably in their magnetism.
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V. CONCLUSIONS

In summary, we have found that there is a stoichiometry regime between Fe;O4 and y-
Fe,0; where iron oxide does not behave like a typical ferrimagnetic spinel iron oxide, but shows
characteristics of magnetic disorder due to a loss of long range structural order. These films have
coherent in-plane lattice parameters, as observed with RHEED, but do not have a coherent out-
of-plane lattice parameter throughout the entirety of the film. SAED measurements confirmed
that there exist regions of the film that do order locally, but that one continuous ordering does not
extend throughout the entire film. While changes in the electronic structure are primarily
chemical in nature, the structural disorder does reveal itself in the magnetic structure, where the
transition-regime films exhibit large increases in the field-cooled/zero-field-cooled divergent
temperatures and coercive fields and decreases in the magnetic moments compared to Fe;Os-like
and p-Fe,Os-like films. The changes in the magnetic properties are attributed to magnetic
frustration that arises at the boundaries between the different structural ordering regions. The
observation of a new phase of iron oxide that displays an enhanced magnetic disorder
exemplifies the exotic physical behavior and interesting physics that can emerge through the
precise control of cation vacancies in well-studied magnetic oxide systems, and suggests the
possibility of multiple new phases in magnetic transition metal oxides with commensurate

possibilities for new technological applications.
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APPENDIX
We assessed the stoichiometry of the films through a combination of on-axis X-ray diffraction
and electrical transport measurements. It is well known that Fe;O,4 and y-Fe,O; have different
lattice parameters, with the lattice parameter of the latter being smaller than that of the former
due to the cation vacancies needed to ensure charge neutrality. Since this change in lattice
parameter is related to amount of cation vacancies, we assumed that as the stoichiometry
changed between the two endpoints, the lattice parameter would change in a linear manner.
Furthermore, we noticed that the resistivity measured at 300 K varied logarithmically with the c-
axis lattice parameter [Fig. A1]. This means that the resistivity measured at 300 K will also vary
logarithmically with the stoichiometry, allowing us to use a combination of diffraction and

transport measurements to estimate the stoichiometry for each sample [Table 1].
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Table 1. Summary of the O, partial pressure during growth, estimated stoichiometry, film

thickness, growth regime, and corresponding structural measurement observations.

Figure 1. (color online) (a) RHEED oscillations of the specular spot observed during growth for

a Fe; 504 thin film grown on MgO (001). (b) — (g) RHEED patterns for an MgO substrate and

Fe;_504 thin films grown in O, partial pressures of 1 x 10'5, 3x 10'5, 1x 10'4, 3x 10'4, and 1 x 10

3 Torr, respectively. The patterns for the Fe;.sO4 films were taken after growth. All RHEED

patterns were measured with the electron beam aligned along the [100] crystal axis; white arrows
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indicate the additional doubling of RHEED spots due to the surface reconstruction of films with

stoichiometries near that of Fe;0j4.

Figure 2. (color online) 26-w scans of the (a) 004- and (b) 008-diffraction peaks for Fe; sO4 thin
films grown in O, partial pressures ranging from 0 — 2 x 10~ Torr. The dashed lines indicate the
expected peak positions for Fe;O4 and y-Fe,O; films coherently strained to a MgO substrate.
SAED patterns of (c) a MgO substrate and (d)-(e) two different areas from a transition-regime

Fe; 504 film grown in an O, partial pressure of 3 x 10™* Torr .

Figure 3. (color online) (a) Resistivity vs. temperature measurements for Fe; sO4 films grown in
a range of O, partial pressures. (b) Temperature derivative of the log of the resistivity, which

shows small Verwey transitions for the films grown in 0 and 1 x 10 Torr of O,.

Figure 4. (color online) Hall effect measurements taken at 300 K for the films grown in the
Fe;Os-like and transition regimes. The carrier concentrations and mobilities extracted from the
high field backgrounds are inset in a table; the dashed line separates the Fe;Os-like films from

the transition-regime film.

Figure 5. (color online) Field-cooled and zero-field-cooled M-T curves measured in a 1 kOe

magnetic field for (a) Fe;O4-like, (b) transition-regime, and (c) y-Fe,Os-like films.
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Figure 6. (color online) In-plane M-H loops for (a) Fe;Oq-like, (c) transition-regime, and (e) y-
Fe,0;-like films. In-plane (solid lines) and out-of-plane (dashed lines) M-H loops for a

representative (b) Fe;Os-like, (d) transition-regime, and (f) y-Fe,Os-like film.

Fig. 7. (color online) MFM images for (a) a Fe;O4-like film grown in O, partial pressure of 1 x
10 Torr, (b) a y-Fe,0s-like film grown in O, partial pressure of 1 x 10™ Torr, and transition
regime films grown in O, partial pressure of (c) 1 x 10* and (d) 3 x 10 Torr. (e) Comparison of
measured magnetic domain size with the predicted domain size, which was calculated assuming

the domains of the Fe;04-like films scaled with film thickness as D « +/t.

Figure 8. (color online) (a) Temperature at which the field-cooled and zero-field-cooled M-T
curves diverge upon cooling and (b) saturation magnetic moment (Ms), remanent magnetic
moment (M), and coercive field (Hc) plotted vs. O, partial pressure for all films. The saturation

magnetic moment was recorded for an applied magnetic field of 70 kOe.

Figure Al. (a) The variation of the resistivity at 300 K with the c-axis lattice parameter for the
five samples for which diffraction conditions exist. The line is a fit to the five data points. (b)
The variation of the resistivity at 300 K with the stoichiometry parameter J. The line is the same

line as in (a).
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Film RHEED

Po; (Torr)  Stoichiometry  Thickness Struc'tural Surface XRD 004
Regime . peak
(nm) Reconstruction
0 Fe;0y4 28.8 Fe;04-like Yes Yes
1x10° Fes 9904 339 Fe;04-like Yes Yes
3x107° Fe.0504 30.2 Fe;04-like Yes Yes
1x10* Fe; 9304 29.2 Transition Yes No
3x10* Fe; 5704 30.2 Transition No No
1x 107 Fe, 7504 342 y-Fe,05-like No Yes
2 Fes 6704 .
2x10 (7-FeaOs) 46.7 y-Fe,0s-like No Yes
Table 1.

26



Intensity (arb. units)

(=]

1 L 1 L 1 L 1
200 400 600 800
Time (sec)

(c)

'

TIgEn T’ EIgrT e

(f) )

Figure 1.

27



Fray Mg0002 i ‘Mgoood 1.
"f(a) ﬂFesO 004 I 1 Fe;0, 008 (b) ]
f-Fe O, 0041; #Fe,0, 008

:w /\‘ﬂhj '/ "l &"ww"/\

x10™ T9_r_r/ \-\/\\

S

%

% .

R e

3 107 Tor/ |
I"

F1x 10 Torr ’I

g
FI‘I
r3 x
r

1 D'i:' Torr/

=0 Torr

lntensity (arb units)

rP

42 43 44 93 94 95 96 97
26’(degrees)

Figure 2.

28



10° &

107
10’
10°

107

Resistivity (€ cm)

10°?
107

0.00

-0.02

d(log(p)dT

-0.06

-0.08

Figure 3.

T T

2x 107 Torr]

1x10° Torré

3x10™ Torr_:

1x 10™ Torr]

URRALLL IS S R L e AL

3x10° Torr]

1% 107 Torr3
(a) 0 Torr | ]

100 150 200 250 300

T T

1 1 1 L 1 1 1 L 1

100 150 200 250 300
Temperature (K)

29



T T T T
2%10° - 1x 10 Torr
3x 107 Torr
1% 10 Torr
5
Po2 n u
S 1x10° (Torr) (102'cm?3) (cm?2V1s?) _
s 0 1.8+0.3 0.37+£0.05
< 1x10®% 1.9+0.2 0.27+0.03
3x10% 22+05 0.16+£0.03
1x104 1.3+0.3 0.064+0.013
0 1 L 1

0 | 20 40
Magnetic Field (kOe)

Figure 4.

30



Figure 5.
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Figure 6.
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Figure 8.
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Figure Al.
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