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Fe;0O4 thin films: controlling and manipulating an elusive

quantum material

Xionghua Liu', Chun-Fu Chang’', Aurora Diana Rata'?, Alexander Christoph Komarek' and Liu Hao Tjeng'

Fe;0,4 (magnetite) is one of the most elusive quantum materials and at the same time one of the most studied transition metal
oxide materials for thin-film applications. The theoretically expected half-metallic behaviour generates high expectations that it can
be used in spintronic devices. Yet, despite the tremendous amount of work devoted to preparing thin films, the enigmatic first-
order metal-insulator transition, and the hallmark of magnetite known as the Verwey transition, is in thin films extremely broad and
occurs at substantially lower temperatures as compared with that in high-quality bulk single crystals. Here we have succeeded in
finding and making a particular class of substrates that allows the growth of magnetite thin films with the Verwey transition as
sharp as in the bulk. Moreover, we are now able to tune the transition temperature and, using tensile strain, increase it to

substantially higher values than in the bulk.
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INTRODUCTION

While thousands of studies have been devoted to trying to
understand the first-order Verwey transition in magnetite, the
high Curie temperature (T¢ ~ 860 K) and the half-metallic character
of Fe;0, as predicted by band theory'? have triggered consider-
able research efforts worldwide to make this material suitable for
spintronic applications in the form of thin-film devices.>” Using a
variety of deposition methods, epitaxial growth on a number of
substrates has been achieved.”™ Yet, it is remarkable that in the
20 years of research on Fe;0, thin films, the first-order Verwey
transition® in thin films is always broad.®”'®™'* Although in the
bulk the transition takes place well within 1K, the reported
resistivity curves for the thin films showed transition widths of
~10 K or more. The Verwey transition temperature Ty in thin films
is also much lower, with reported values ranging from 100 to
120 K793 whereas the stoichiometric bulk has Ty of 124 K.

It has been reported that several factors can affect negatively
the Verwey transition in bulk magnetite, such as oxygen off-
stoichiometry'* and cation substitution.'®> The T, gradually
decreases and the transition is claimed to change from a first
order to a second or even higher order with increasing oxygen off-
stoichiometry or cation substitution. Recently, we have carried out
a systematic study on the influence of oxygen stoichiometry for
the properties of magnetite thin films,'® and we found that even
for the optimal oxygen composition the transition remains broad.
In that study, we also discovered that the microstructure of the
films has an important role. In particular, with the films having a
distribution of domain sizes, a larger spread of the distribution
results in a broader transition and a small domain size gives lower
transition temperatures. The transition itself is still first order as it
shows hysteresis, and there are indications that each domain has
its own transition temperature.'® Various substrates have been
used in the literature to grow epitaxial Fe;0, thin films, e.g., MgO,
MgAl,0,, Al,Os, SITiO; and BaTiO3.5”'%7"31® These studies may

suggest that the larger the lattice mismatch, the broader the
transition and the lower the average transition temperature.'®

Here we have succeeded in finding and making a particular
class of substrates that allows the growth of magnetite thin films
with the Verwey transition as sharp as in the bulk. The key
principle is to obtain thin films with sufficiently large domains and
small domain size distribution. Moreover, using tensile strain, we
now are able to increase the transition temperature to consider-
ably higher values than that of the bulk. The occurrence of the
Verwey transition in the highly anisotropic strained films raises a
new question to the intricacies of the interplay between the
charge and orbital degrees of freedom of the Fe ions in magnetite,
adding another aspect of the elusiveness of this quantum
material.

RESULTS

In our quest for substrates that allow for the growth of Fe;0, thin
films with large domains and a narrow distribution of domain
sizes, we aim first of all for substrates with a very small lattice
mismatch. Although MgO is ideal in this respect, the occurrence of
anti-phase boundaries,'” which cannot be avoided when growing
a (inverse) spinel film on a rocksalt substrate, has a negative effect
on the distribution and size of the domains.'® We therefore restrict
ourselves to substrates with the spinel structure. We have
identified Co,TiO, with a lattice mismatch of +0.66% as a
potential candidate, and managed to prepare large single crystals
of this compound using a mirror furnace. Substrates with
=6 mm X6 mm epi-polished surfaces have been made out of
these crystals. We have also prepared crystals and substrates with
somewhat larger lattice mismatch, up to +1.11%, by partial
substitution of the Co with Mn and/or Fe: Coq75Mng55TiO4 and
Co, 25FepsMng,sTiO,.  Details  about the preparation and
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RHEED and LEED images. Representative RHEED patterns of clean (a) MgO (001), (b) Co,TiO4 (001), (c) Coq.75Mng25TiO4 (001) and (d)

Co4 25Fe05Mng25TiO4 (001) substrates. RHEED and LEED patterns, respectively, of 40 nm Fes0, films grown on MgO (001) (ei), Co,TiO,4 (001)

(£,j), Co1.75Mng55TiO4 (001) (g,k) and Coq a5Fe0sMng2sTiO4 (001) (hl).

properties of the substrate single crystals are given in
Supplementary Information and Figures S1-S3).

Figure 1a—-d displays the reflection high-energy electron
diffraction (RHEED) patterns of the clean MgO (001), Co,TiO,
(001), C01‘75Mn0,25TiO4 (001) and C01,25Fe0.5Mn0'25TiO4 (001)
substrates, respectively. Figure 1e-h shows the RHEED patterns
and Figure 1i-| presents the low-energy electron diffraction (LEED)
of the 40 nm-thick Fes0, films grown on these respective
substrates. Details of the substrate cleaning procedure as well as
of the growth conditions by using the molecular beam epitaxy
technique can be found in the Materials and methods. The
sharpness of the RHEED stripes and the presence of Kikuchi lines,
as well as the high contrast and sharpness of the LEED spots
indicate a flat and well-ordered single-crystalline (001) surface
structure of the films. The presence of the (\/Ex \/i) R45° surface
reconstruction pattern both in the RHEED and LEED images
provides another indication for the high structural quality of the
films. The valence states of the Fe ions were investigated by Fe 2p
core level and valence band X-ray photoelectron spectroscopy
(XPS), thereby showing the typical signatures of stoichiometric
magnetite (Supplementary Figure S4). We also observe that the
XPS spectra of the films grown on different substrates are
identical, meaning that the substrate has no influence on the
chemical composition of the films. We note that RHEED, LEED and
XPS are surface-sensitive crystallographic and chemical techni-
ques. We would like to refer to ref. 17 for a detailed discussion
about the polar nature of the interface (and surface) and the
consequences for the interface (and surface) crystal structure.

Figure 2a shows the temperature dependence of the resistivity
of 40 nm-thick Fes0, films grown on MgO (001), Co,TiO, (001),
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Co7.75Mng »5TiO,4 (001) and Coq »5Feg5Mng5TiO, (001), as well as
that of a bulk single-crystal Fe;0,4. We can clearly see that the bulk
sample has a sharp Verwey transition at 124 K, whereas the film on
MgO shows the typical broad transition at lower temperatures. In
contrast, the thin films grown on the spinel substrates all show a
very sharp transition, almost as sharp as the bulk. The hysteresis is
all within 0.7 K. Most exciting is that now the transition
temperatures of these thin films are even higher than that of
the bulk. Defining Ty, (Ty_) as the temperature of the maximum
slope of the p (T) curve for the warming up (cooling down) branch,
the Ty, is 127K for the film grown on Co,TiO, (001) (lattice
mismatch +0.66%), 133 K for the film on Co;75Mng,5TiO,4 (001)
(+0.98%) and even 136K for the film on CO1V25FGO.5Mn0_25TiO4
(001) (+1.11%), which is 12 K higher than the Ty, of the bulk and
~ 15-35 K higher than the Ty, of films of similar thickness reported
in the literature so far.571971316

Figure 2b plots Ty, as a function of the film thickness on the
three variants of the spinel substrates, as well as that on
the rocksalt MgO. The black horizontal line represents the T, of
the bulk single crystal. We can observe that Ty, gradually increases
with the film thickness, and again, that it is larger for the spinel
substrates with the larger lattice constant mismatch between the
film and the substrate. Although films with the thicknesses of
5 nm and less do not show a Verwey transition, we can clearly see
a well-defined transition for films when they are 10 nm or thicker.
In fact, we would like to note that films as thin as 10 nm grown on
C01_75Mn0_25Ti04 (001) (+0.98%) and C01_25Feo_5Mn0.25TiO4 (001)
(+1.11%) have a Ty, that is already comparable to that of the bulk,
a highly remarkable result in view of the generally low values even
for thicker films known in the literature.®”'%'316
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Electrical transport properties. (a) Resistivity as a function of temperature of 40 nm Fe30, thin films grown on MgO (001), Co,TiO,4

(001), Coq.75Mng25TiO4 (001) and Co; 5FeqsMng25TiO, (001) substrates and of single-crystal bulk FezO,. (b) The Verwey transition temperature
(Tv4) as a function of film thickness of the films grown on MgO (001), Co,TiO4 (001), Coq.75Mng25TiO4 (001) and Co, zs5FeqsMng25TiO, (001)
substrates, the black horizontal line represents the Ty, of a stoichiometric bulk magnetite crystal.
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Figure 3. Reciprocal space maps. Reciprocal space mapping of the (1 1 5) reflection of (a) a 200 nm Fe;0, film grown on Co,TiO, (001) and of

(b) a 40 nm Fe30, film grown on Co, 75Mng,5TiO4 as well as of (c) a 80 nm Fe3z0O,4 film grown on Co, 55FegsMng 5TiO4 (001).

We now investigate the strain state of the Fe;0,4 films grown on
the spinel substrates using X-ray diffraction (XRD). Figure 3
presents the reciprocal space mapping of the (115) reflection from
a 200 nm-thick film grown on Co,TiO, (001) (+0.66%; Figure 3a)
and a 40 nm-thick film on Co; 75Mng»5TiO,4 (+0.98%; Figure 3b) as
well as from a 80 nm-thick film grown on Co,35FeqsMng,sTiO,
(001) (+1.11%; Figure 3c). The well-aligned longitudinally (115)
reflection of the film and the substrate demonstrates that the films
are fully strained. Further, one observes clear thickness fringes
along Q, from the Fe30,/Co,TiO4 film, see Figure 3a, which
indicates a smooth surface and a uniform thickness of the film. A
few less pronounced thickness fringes along Q, are observed from
the Fe30,4/Co; 5FegsMng»5TiO4 film, see Figure 3¢, which implies
a rougher surface compared with that of the Fe;0,/Co,TiO, film,
giving rise to the intensity dispersion along the Q, direction. We
note that the Co; 75Mng»5TiO4 substrate is not perfect in the sense
that it consists of two crystals misaligned by ~0.3° as can be seen
by the double peak structure in the Q,, direction. Yet, the film is
still epitaxial and fully strained. Long range 6—26 XRD data
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Table 1. Lattice constants
Substrate a 40 nm 80 nm 200 nm
Fes04 c Fes0, ¢ Fes0, c
Co,TiO, 84528 A 83332A 83330A 83316A
C01.75Mng 25 TiO, 84797 A 83042A 83048A 83054A
Coqo5FegsMngosTiO, 84898 A 82800 A 82806 A 8.2855A
Lattice constants of 40, 80 and 200 nm Fe;O, thin films on Co,TiO,,
C01.75Mng 55TiO, and Coy »sFeg sMng 5sTiO,.

indicate that there are no other phases than Fe;0,4. We summarise
the lattice constants of three variants of the spinel substrates,
together with those of the 40, 80 and 200 nm Fe30, films grown
on top of these substrates in Table 1 from the XRD measurements.
As the lattice constant a of the substrates increases, i.e., 8.4528,
8.4797 and 8.4898 A, the lattice constant ¢ of the films gradually
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decreases, e.g., 83332, 83042, 8.2800 A, respectively, for the
40 nm films. To compare, the lattice constant of bulk Fe;0, is
8.396 A. From this, we calculate that the Poission ratio is in the
range of 0.36-0.38, and that the volume increases as 595.29,
597.20 and 597.19 A3, respectively, for the 200 nm films, whereas
the volume of bulk Fe;0, is ~591.86 A3,

We can also get an insight about the microstructure of the films
by analysing the peak profile of the rocking curves of the (115)
reflection. From the inverse of the peak width, we can estimate
that the average domain size is ~46, 61 and 68 nm for the 40 nm
films grown on the three spinel substrates, respectively. These
numbers are higher than the 30 nm value found for an equivalent
thick film grown on MgO,'® suggesting that the spinel structure of
the substrate indeed does help to obtain films of structurally
better quality. The complete set of data on the thickness
dependence of the average domain size of the films grown on
the spinels and MgO is given in Supplementary Figure S5.
Combining this with the data in Figure 2b, we can deduce that as
a function of thickness, the average domain size in the films
increases and therefore also Ty, and that on the spinels
the average domain size exceeds more quickly the value of
~60-80 nm beyond which the Ty reaches apparently its asympto-
tic value for a given strain situation. These results therefore
support our conjecture that one needs films with sufficiently large
domains and sufficiently narrow distribution of domain sizes to
obtain sharp first-order transitions. Perhaps this is the solution to
remedy the broad first-order transitions observed in, e.g, V,0;3
thin films,'®2° and RENiO3 (RE=Pr, Nd, Sm) thin films,'®*"* e.g,,
one has to carefully design substrates with a matching lattice
structure and sufficiently small lattice mismatch.

DISCUSSION

Having achieved magnetite thin films with a Verwey transition as
sharp as the bulk, we now are ready to meaningfully measure and
analyse the effect of the strain exerted by the substrate on the
transition of the film. It has been reported that the Verwey
transition of bulk magnetite becomes broad and that Ty drops
linearly with increasing applied hydrostatic pressure and corre-
sponding decrease of the unit cell volume.**?® Although the
application of negative hydrostatic pressures is experimentally out
of reach, our finding that the Ty of the Fes0, thin films increases
when epitaxially grown with increasing unit cell volume indicates
that we have in fact succeeded to exert effectively negative
pressures on magnetite using the tensile strain imposed by the
carefully chosen spinel substrates. Viewing the Verwey transition
as a transition from a Wigner crystal to a Wigner glass of small
polarons,®® one can readily accept that changing the one-electron
band width, and therefore also the polaron band width, will alter
the transition temperature.®® In particular, enlarging the lattice
constant and inter-atomic distances will facilitate the formation of
an ordered state in which the different lattice sites have different
local valence and orbital states.

Yet it is important to note that the negative pressures exerted
on these thin films are by no means isotropic and therefore
cannot be considered as being the equivalent of negative
hydrostatic pressures. On the contrary, the films are expanded in
the plane but compressed along the c¢ axis direction. This makes
the Verwey transition in the tensile strained films even more
interesting: would the charge and orbital order be of the same
type as in the bulk, for which there is a lot of debate, see refs 31—
33 and references therein. In this respect, we would like to note
that the resistivity across the Verwey transition changes by about
a factor 10 in the films, whereas it is by a factor 100 in the bulk.
Clearly, the presence of the substrate limits a full opening of the
conductivity gap by putting constraints on the crystal structure.
Nevertheless, the transition does take place and so the question
arises what are the minimal conditions required in terms of the
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local electronic structure such as the orbital state for such a
transition to occur. It would be extremely interesting to address
this question by, e.g., carrying out charge- and/or orbital-sensitive
resonant XRD experiments, see ref. 33 and references therein.
With the Verwey transition better defined and thus with the
transport properties getting improved by the control of the
domain size will provide confidence that high-quality spintronic
devices can be made. In case for applications one needs to use a
non-magnetic spinel substrate, then Mg, TiO, (ref. 34) with a lattice
constant of 8.44 A is a good option.

MATERIALS AND METHODS

Fe304 thin films were grown using molecular beam epitaxy in an ultra-high
vacuum chamber with a base pressure in the high 10~"" mbar range.
High-purity Fe metal was evaporated from a LUXEL Radak effusion cell at
temperatures of about 1,250 °C in a pure oxygen atmosphere onto single-
crystalline Co,TiO4 (001), Coy.75Mng25TiO4 (001) and Coq 25FeqsMng5TiO4
(001) substrates. These substrates were annealed for 2 h at 400 °C in an
oxygen pressure of 3x 10”7 mbar to obtain a clean and well-ordered
surface structure before the Fes0,4 deposition. The substrate temperature
was kept at 250 °C in an oxygen pressure of 1x 10~ ° mbar during growth.
The Fe flux was calibrated using a quartz-crystal monitor at the growth
position before deposition and set to 1 A min~" for the growth of all films.
In situ and real-time monitoring of the epitaxial growth was performed by
RHEED measurements, which were taken at 20 keV electron energy, with
the beam aligned parallel to the [100] direction of the substrate. The
crystalline structure was also verified in situ after the growth by LEED,
which was recorded at the electron energy of 88 eV. All samples were
analysed in situ by XPS. The XPS data were collected using 1486.6 eV
photons (monochromatised Al K, light) in a normal emission geometry and
at room temperature using a Scienta R3000 electron energy analyser. The
overall energy resolution was set to be about 0.3 eV. XRD was employed
for further ex situ investigation of the structural quality and the
microstructure of the films. The XRD measurements were performed with
a high-resolution PANalytical X'pert MRD diffractometer (PANalytical,
Almelo, The Netherlands) using monochromatic Cu K,; radiation
(A=1.54056 A). Temperature-dependent resistivity (o) measurements of
the Fe30, thin films were performed by the standard four probe technique
using a Physical Property Measurement System. The p—T curves for all the
samples were measured with a current source of 0.1 pA from 300 to 80 K
and back to 300 K at zero field.
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