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Photo-controlled room-temperature hard magnets could open new horizons for high-density
information storage. For this, the material should be fabricated as device-integrable (conformal,
stretchable, transparent, etc.) thin films and preferably from readily available and innocuous chemical
constituents. Here we report a viable material candidate to address all these criteria. The material basis is
the ferrimagnetic e-Fe,Os polymorph of trivalent iron oxide with an exceptionally high room-
temperature magnetic coercivity. To bring the photo-controllability, azobenzene moieties with trans—cis
isomerization tendency are embedded into this matrix as regular monomolecular layers. The strongly
emerging atomic/molecular layer deposition (ALD/MLD) technique offers us a scientifically elegant
yet industrially feasible tool to fabricate these superlattice thin films with nanoscale precision. We
demonstrate reversible changes in both coercivity and magnetization values with alternating irradiations
of the films with UV and visible light. Interestingly, the azobenzene layers not only add this switching

rsc.li/materials-c

1. Introduction

In the big data era, the magnetic data storage density is rapidly
gaining importance. To increase the storage density, the number
of magnetic grains per unit area should be increased." This
implies the use of smaller grains, which poses increasingly strict
requirements for the magnetic material itself, in particular for its
coercivity field. The harder the magnetic material is, the stronger
it is against losing the magnetization (due to the ferromagnetic-
to-superparamagnetic transition) when the grain size is
decreased. In this respect, the rarest of the trivalent iron oxide
polymorphs, ie. &-Fe,O3, could open new horizons for high-
density magnetic storage®™ owing to its room-temperature (RT)
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functionality but also enhance the overall magnetic performance of the g-Fe,Oz matrix.

ferrimagnetism with a giant coercive field (up to ~20 kOe).>”
On top of that, this material is non-toxic, biocompatible and
composed of non-critical elements.

The &-Fe,O; phase was discovered by Forestier and Guiot-
Guillain in 1934,° but only in trace amounts. However, due to
the difficulties in synthesis, it remained a curiosity rather than
a viable material candidate up until the first single-phase
&-Fe,0; nanocrystal samples were grown in 2004,” followed by
the successes in high-quality thin-film fabrication by pulsed
laser deposition (PLD)>'® and more recently by atomic layer
deposition (ALD).'" The ALD fabrication yielded single-phase
polycrystalline e-Fe,O; films even on non-epitaxial substrates.

From another perspective, optically controlled molecular
magnets have been investigated as enablers of ultra-fast recording
at a high density; here the idea is that with light irradiation the
magnetic properties could be tuned locally at individual grains.
This research avenue was opened along the emergence of
molecular magnetism in the 1980s, and the pioneering studies
by Sato and Hashimoto in the 1990s on photo-controlled
molecular magnets.'? Such multifunctional materials have been
challenged by combining magnetic metal species and photo-
active organic ligands."* ™ The stimuli-control over the magnetic
properties could be achieved through, e.g., light-induced excited
spin-state trapping or light-induced metal-to-metal charge
transfer.'” The state-of-the-art photomagnetic material variety
comprises, e.g., Prussian blue type metal complexes,'>'®' as
well as magnetic nanoparticles'****" and layered inorganics"®
modified with photo-responsive organic molecules. However,
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regarding the magnetic characteristics these inorganic-organic
hybrids have remained far inferior to their inorganic
counterparts. Moreover, these materials are typically synthesized
through multi-step solution-based routes, which are incompatible
with the current microfabrication technologies.

We have selected an entirely new strategy to synthesize these
materials from gaseous precursors using the state-of-the-art ALD
technique. Notably, the ALD technique has been the fastest
growing thin-film fabrication technology in microelectronics for
years>?® and is currently rapidly expanding to many other
application fields as well owing to its fundamental benefits
derived from the unique way of separating the different
precursor pulses.>® The chosen strategy has its basis in our
recent success in developing a facile ALD process for amazingly
stable &-Fe,O; thin films exhibiting unique magnetic coercivity
characteristics."* Another important recent advancement in this
field is the possibility to combine molecular layer deposition
(MLD) cycles for organic molecules with the ALD cycles for
the inorganic layers. Indeed, the combined ALD/MLD
technique®?**” provides us with an ideal route for carefully
layer-engineered inorganic-organic superlattices, as it allows the
ALD and MLD precursor pulses to be mixed with digital accuracy
for essentially any predetermined pattern, regular or irregular.”®
We have already demonstrated the insertion of both mono-
molecular organic layers and thicker Fe-organic layer blocks
within the &-Fe,O; matrix to enhance the mechanical flexibility
of the films; in these experiments terephthalic acid (HOOC-
CeH,~COOH) was used as the organic precursor.***°

In the present work we now fuse together the intrinsic
photo-functionality of the organic moiety and the unique
magnetic properties of e-Fe,O; in a synergistic manner. Our
choice for the photochromic organic precursor is the azobenzene
dicarboxylic acid (HOOC-C¢H,~-N—N-C¢H,~COOH) that upon
ultraviolet (UV) irradiation undergoes a reversible trans-cis
isomerization around the N=—N bond, accompanied by a
considerable structural change.””?'* The back-switching is
driven by visible (vis) light illumination or thermal relaxation.
The azobenzene moiety has been investigated in the context of
metal-organic framework (MOF) materials either as an intrinsic
linker or as a kind of surface additive.***® Most related to the
present study, we recently demonstrated a photo-switched water
molecule capture/release behavior for ALD/MLD-grown MOF-like
Fe-azobenzene thin films.** In the present work we now embed
separate azobenzene layers in the ferrimagnetic &-Fe,O; matrix
for well-defined superlattice (SL) structures to challenge the
photo-control of the unique magnetic properties of the e-Fe,0;
phase. We believe that these results are a clear step ahead
towards the dream of switchable on-and-off type flexible hard
magnets operating at room temperature.

2. Experimental section

A commercial flow-type hot-wall ALD reactor (F-120 by ASM Ltd)
was used for depositing the e-Fe,0j:azobenzene SL thin films
from iron chloride (FeCl;, Merck, 95%), deionized water, and
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azobenzene-4,4'-dicarboxylic acid (AZO; TCI, 95%) precursors.
Both FeCl; and AZO were placed inside the reactor in open
boats and heated at 158 and 240 °C, respectively, while the
deionized water cylinder was kept outside the reactor. Nitrogen
(N3, 99.999%, flow rate at 300 SCCM) was used as both the
precursor carrier gas and the purge gas between the precursor
pulses. The reactor pressure was kept at 3-5 mbar.

The films were deposited at 280 °C on both Si(100) and
quartz plates, of which the latter was used for the UV-vis
absorption studies. The precursor pulse/purge lengths were
adopted from our previous studies on the same precursors, as
follows: 2 s FeClz/4 s N,/1 s H,O/3 s N, for the e-Fe,O; layers
and 2.5 s FeCl;/10 s N,/20 s AZO/50 s N, for the azobenzene
layers. The overall pulsing sequence for the SL films was
[(FeCl; + H,0),, + (FeCl; + AZO)], + (FeCl; + H,0),,, where the
individual e-Fe,O; layer thickness is indicated with m, and n
controls the total number of azobenzene layers within the
&-Fe,05; matrix. The total number of ALD or MLD cycles (controlling
the total film thickness) is thus expressed as [n(m + 1) + m].

Grazing incidence X-ray diffraction (GIXRD; X’Pert MPD
PRO Alfa 1, PANalytical; CuK,) was used to characterize the
crystallinity of the films. The same equipment was used in the
X-ray reflectivity (XRR) mode for verifying the SL pattern and
the overall film thickness; the data were fitted with X’Pert
Reflectivity software by PANalytical. The chemical bonding
structure was investigated using Fourier transform infrared
(FTIR; Bruker Alpha II) spectroscopy. The spectrum of the bare
silicon substrate was subtracted from the FTIR spectra of the
samples.

Scanning electron microscopy (SEM; Hitachi S-4700) was
used to analyze the surface morphology of the films. For the
SEM measurement, the sample specimen was mounted on a
carbon tape and analyzed at a current of 15 pHA and a voltage of
10 kv. The UV-vis absorption spectra were recorded for the
films deposited on quartz plates in the wavelength range of
200-800 nm (Shimadzu UV-2600 spectrometer).

For the trans-to-cis isomerization studies, the films were
irradiated with UV light (365 nm) using a 200 W xenon-doped
mercury lamp (Hamamatsu Lightning cure LC8) equipped with a
cut-off filter (300-480 nm). The reverse cis-to-trans isomerization
was achieved with vis-light irradiation. In both cases, the working
distance was 10 mm. For the vis-light illumination, total-
reflection-type light with the wavelength range from 300 to
800 nm was used. To reduce the power of the Xe-doped Hg lamp
and thereby obtain cold light, an optical fiber was utilized in
directing the irradiation beam to the thin film. In order to
dissipate the heat generated during the irradiation, the sample
was placed on a copper plate mounted over cooling blocks.

Magnetic properties were investigated using a vibrating
sample magnetometer (VSM; Quantum Design PPMS). A 3 x
4 mm?® sample specimen was glued with GE varnish on a quartz
plate and was set parallel to the applied magnetic field.
Magnetization versus magnetic field (M-H) isotherms were
collected by sweeping the magnetic field from —50 to 50 kOe.
The diamagnetic contribution from the substrate was
subtracted from the measured data, unless otherwise stated.
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3. Results and discussion

We fabricated a series of e-Fe,O3: azobenzene SL samples using
the precursor pulsing sequence of [(FeCl; + H,0),, + (FeCl; +
AZO)], + (FeCl; + H,0),,; see Fig. 1a. The values, n (0-100) and
m (20-300), were chosen so that the overall film thickness was
in the range of 50 to 250 nm in all samples (Table S1, ESIT). The
intended SL structure was verified by XRR analysis (Fig. 2a),
while the GIXRD data confirmed that our n = 0 reference
sample is of the pure &-Fe,O; phase (Fig. 2b),”° and the &-Fe,03:
azobenzene SL films maintain the crystallinity/phase purity
upon the insertion of organic layers; in Fig. 2b we present the
GIXRD patterns up to n = 20, but even beyond that the films
exhibited clear GIXRD peaks due to the e-Fe,O; phase. Actually,
the degree of crystallinity depended rather on m than on n,
which decreases with decreasing m (individual &-Fe,O3-layer
thickness). The SEM images of representative samples
indicated an increase in both grain size and polydispersity with
increasing n (Fig. S1, ESI).>’

Chemical bonding at the e-Fe,O;/azobenzene interfaces was
addressed based on the FTIR spectra, shown in Fig. 2¢ for
representative samples. In particular, the presence of the
carboxylate groups is evident from the strong symmetric (v5) and
asymmetric (v,) stretching bands around 1417 and 1593 cm ™',
respectively.®> These carboxylate groups originate from the
reaction between Fe-OH surface groups (after the latest FeCl; +
H,0 ALD cycle) and the HOOC-C¢H,~-N—N-C¢H,~COOH
precursor pulse, to form the Fe-OOC-C¢H,-N—N-CcH,-COO-
Fe layers in the SL films, as expected. From the splitting between
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these bands, ie (1593-1417) cm™' = 176 cm ', it can be
concluded that the azobenzene moieties are bonded to the iron
atoms via the carboxylate COO™~ groups according to a bridging-
type mode.**” The increase in the organic content is seen as a
continuous increase of the peak intensities in the FTIR spectra.
The bands observed at 680, 565 and 418 cm ' are due to
e-Fe,0;, and with increasing number of (FeCl; + H,0) ALD
cycles applied these peaks gain intensity.

The presence of trans-azobenzene in the SL films was also
unambiguously verified by the UV-vis absorption spectra
(Fig. 2d). The absorption band due to the n-n* transition of
trans-azobenzene is observed at ca. 317 nm; the linear increase
of this absorption peak with increasing n indicates that our
ALD/MLD process indeed works as intended.***

The magnetic properties of the e-Fe,0;:azobenzene SL films
were studied with VSM by applying a magnetic field along the
film surface. Fig. 3a displays the 300 K M-H data collected
from —50 to 50 kOe for samples with different numbers of
azobenzene layers ranging from 10 to 100, while Fig. 3b shows
the data for a sample with twenty azobenzene layers measured
at different temperatures ranging from 10 to 300 K. The
hysteresis loops are typical of a ferro- or ferrimagnetic
material.*® The slight but continuous linear increase at high
fields is related to flipping of minority spins along the magnetic
field direction in a ferrimagnetic system.’

Interestingly, the e-Fe,Oj:azobenzene SLs exhibit signifi-
cantly higher coercivity values than our previously reported
e-Fe,Os:terephthalate SLs and even higher values than the

(b)

UV light -
g

155A |

=
Vis light

Fig. 1 Present research scheme: (a) ALD/MLD process for the e-Fe,Os:azobenzene SL films; m is the number of (FeCls + H,O) ALD cycles applied to
deposit each g-Fe,O3 layer and n stands for the total number of azobenzene layers grown with single (FeCls + AZO) MLD cycles into the SL structure.
(b) Trans and cis isomers of azobenzene; the molecule lengths indicated are the distances between the carbon atoms at the para positions of the two rings.
(c) Azobenzene isomerization within the g-Fe,Os:azobenzene SL structure, bringing adjacent e-Fe,Os layers closer to each other upon UV-light irradiation.
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Fig. 2 Chemical and structural characterization data for e-Fe,Os (n = 0) reference and representative e-Fe,Os:azobenzene SL samples referred to by the
n value (number of organic layers): (@) XRR patterns — the intended SL structure is seen as the appearance of intense SL peaks, between which the number of
smaller oscillations equals n (with increasing n these peaks start to overlap). (b) GIXRD patterns — reflections in the n = 0 pattern indexed for the e-Fe,Os phase;
these peaks are also seen for the SL films, where the intensity decreases with increasing n and decreasing individual e-Fe,O3-layer thickness (value shown in
parentheses). (c) FTIR spectra — the carboxylate group features increase and those due to the Fe—O bonds decrease in intensity with increasing n and decrease
in overall g-Fe,O3 content. (d) UV-vis spectra — the band due to the t—n* transition of trans-azobenzene at ca. 317 nm increases with increasing n.
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Fig. 3 Magnetization versus magnetic field data: (@) M—H curves at 300 K for representative ¢-Fe,O3:azobenzene SL films and for a reference g-Fe,O3
film; introduction of azobenzene decreases the magnetization but enhances the coercivity field; the insets display magnified M—H curves for magnetic
fields between —5 and +5 kOe. (b) M—H curves for the n = 20 (9 nm) SL sample at various temperatures; the insets display magnified M—H curves for
magnetic fields between —15 and +15 kOe.

parent ¢-Fe,0; films.'"?° For example, the RT coercivity is
2.6 kOe for the n = 15 SL sample, while it is 2.0 kOe for an
&-Fe,0; film of the same overall thickness. Notably, even the
e-Fe,03:azobenzene SLs with ultrathin e-Fe,O3 layers (down to
1 nm) behave as hard magnets with a RT coercive field as high
as ca. 1 kOe. We tentatively attribute the enhanced coercivity of
the &-Fe,Oj3:azobenzene SL films to the very well persisting

This journal is © The Royal Society of Chemistry 2022

crystallinity. Indeed, while the e-Fe,Oj:terephthalate films
rapidly lost their crystallinity with increasing number of
organic layers,® the present ¢Fe,Oz:azobenzene films
remained crystalline even with nanoscale &-Fe,O; blocks
(Fig. 2b displays the GIXRD patterns of our e-Fe,Os:
azobenzene SL sample series up to n = 20, with &-Fe,O3 blocks
as thin as 9 nm).
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Fig. 4 Reversible UV and vis illumination effects: absorption spectra for the n = 10 (3 nm) sample collected (a) after UV irradiation (365 nm) at regular
time intervals and (b) after the re-illumination of the 210 min UV-illuminated sample with vis light for 30 min to demonstrate the fully reversible trans—
cis—trans isomerization. (c) M—H curves for a representative SL sample, n = 60 (2 nm), before and after consecutive UV (20 min) and vis (20 min)

illuminations; the inset shows the changes in coercivity with the irradiation.

Also, the nature of the organic component may play a role in
determining the overall magnetic characteristics of the SL films.
To investigate the magnetic properties of the Fe-azobenzene
moiety alone, we deposited an ca. 200 nm thick Fe-azobenzene
film without the e-Fe,Oj3 layers by applying (FeCl; + AZO) cycles
only.** The linear M-H curves measured for this (Fe~-OOC-CgH,~
N=—N-C¢H,-COO-),, sample at 10 and 300 K (Fig. S2, ESI}) are
indicative of a relatively strong paramagnetic nature of the film.
From the M-H curves for the &-Fe,O3:azobenzene SLs (Fig. 3a), it
can be seen that while the azobenzene layers enhance the
coercive field, they do decrease the film magnetization. This is
expected as the iron concentration in the films decreases with
increasing n. The &-Fe,03:azobenzene SLs were found to be hard
magnets even when the number of azobenzene layers increased
to 100 with ultrathin (1 nm) &-Fe,O3 blocks.

We then investigated the photoisomerization characteristics
of the &-Fe,0;:azobenzene SL films. First, the samples were
irradiated with UV light (365 nm) for specific time intervals;
after all these irradiation periods the corresponding absorbance
spectrum was recorded to follow the trans—cis isomerization
process, seen as a gradual decrease of the n-n* transition peak
at ca. 317 nm; Fig. 4a shows the data for the n =10 (3 nm) sample
in which the individual e-Fe,Os-layer thickness is 3 nm. The
backward (cis-trans) isomerization was confirmed with vis light
illumination for 30 min (Fig. 4b). Quite remarkably, the trans-
cis-trans isomerization process is essentially reversible.

The effects of the UV- and vis-irradiation controlled trans—cis
and cis-trans azobenzene transitions on the magnetic properties
of the e-Fe,0;:azobenzene films are illustrated in Fig. 4c for the
60 (2 nm) sample. The as-deposited sample was first
irradiated with UV light for 20 min; this was found to increase
the coercivity from 970 to 1060 Oe. To confirm the result,
we performed a similar experiment for another sample, n =
100 (1 nm); in this case the coercivity increased from 1140 to
1365 Oe (data shown in Fig. S4, ESIt). These changes are
significant and highly promising. The increase in the coercivity
is believed to originate from the decreased inter-spacing and
thus enhanced interaction between the adjacent e-Fe,O; layers
upon the trans-cis transformation of the azobenzene moieties

n =

298 | J Mater. Chem. C, 2022,10, 294-300

which suppresses their size by ca. 3.5 A** and thereby the
e-Fe,0; inter-layer distance from approx. 9.0 to 5.5 A, as
illustrated in Fig. 1b. Most excitingly, we could also demonstrate
for the n = 60 (2 nm) sample the vis-light triggered azobenzene
cis-to-trans back-isomerization effect on coercivity, which
returned from 1060 to 990 Oe, indicating that the process is
essentially reversible (Fig. 4c). Here we like to mention that the
aforementioned changes in coercivity (and also in remnant
magnetization) were also seen in the measured raw magnetization
data before the subtraction of the substrate contribution (see
Table S2, ESIf). Finally, we confirmed that no XRD-detectable
structural changes occurred during these reversible trans-cis-trans
photo-isomerization reactions of the azobenzene layers. From the
XRD patterns (shown in Fig. 5 for the n = 10 (15 nm) sample) no
indication of any changes in the crystallinity of the e-Fe,O; layers
was seen, while the XRR data confirmed that the regular SL
structure was fully maintained (Fig. S3, ESIT). This is an essential
requirement considering the practical applications of our new
photo-controlled magnetic coatings. Moreover, by measuring the

i As-bep
0
™ < o
S S 8 w I oY
o = 8 n
. A_AJ 2
| uv
1%2

Intensity (Arb. unit)

10 20 30 40 50 60
20 (deg.)
Fig. 5 XRD patterns of the n = 10 (15 nm) sample collected after deposi-
tion and after consecutive UV and visible light illuminations; the illumina-

tion time was 20 min for both UV and visible light illuminations. Indexes are
for the ¢-Fe,O3z phase.

This journal is © The Royal Society of Chemistry 2022
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magnetic properties after one-year storage under ambient
conditions (Fig. S5, ESIT), we could confirm that the material is
strong against aging too.

4. Conclusions

This work has highlighted the exciting possibilities provided by
the currently strongly emerging ALD/MLD technique in the
field of magnetic thin films, in particular towards novel
applications building on stimuli-responsive magnetic thin
films. The strong magnetic properties in these thin films
emerge from the d electrons of the rather unique iron oxide
material e-Fe,03, for which the facile ALD process based on
simple precursors, FeCl; and H,O, provides an industry-
feasible and sustainable fabrication process. Then, the further
tunability of these room-temperature ferrimagnetic films is a
kind of designers’ dream and originates from the fact that they
can be adorned with ultrathin organic layers with any chosen
frequency by simply including MLD organic precursor
pulses within the ALD fabrication process. These embedded
organic layers can provide the films with additional valuable
properties and most straightforwardly improved mechanical
properties.

In the present study we introduced photoresponsive
azobenzene moieties within the ¢-Fe,O; films. This was
achieved without compromising the crystallinity and the
unique magnetic characteristics of the films. For example,
for the e-Fe,Oj:azobenzene superlattice film with 15 mono-
molecular azobenzene layers embedded within a 200 nm thick
film the GIXRD pattern evidenced the high degree of crystal-
linity of the 12 nm thick individual &-Fe,O; layers, and the
magnetic measurements verified the high coercivity value of
2630 Oe. Most importantly, we could demonstrate the fully
reversible trans—cis-trans photoisomerization reactions in these
e-Fe,0;:azobenzene SL films upon successive UV and visible
light illuminations and then finally show that the photo-
controlled suppression and expansion of the spacing
azobenzene layer between the adjacent &-Fe,O; layers upon
the azobenzene isomerization resulted in reversible changes
in the coercivity value. Even though this switching effect was yet
far from complete (being of the order of 10-20% at the best), we
positively believe that our work provides new horizons
for the future development of mechanically flexible and
photo-controllable room-temperature thin-film magnets with
the desired high coercivity characteristics.
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