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ABSTRACT Nanomagnet Logic (NML) is a promising new tech-
nology for future logic which exploits interactions among magnetic
nanoelements in order to encode and compute binary information.
This approach overcomes the well-known limits of (M0S-based
microelectronics by drastically reducing the power consumption of
computational systems and by offering nonvolatility. An actual key
challenge is the nanofabrication of such systems that, up to date, are
prepared by complex multistep processes in planar technology. Here,
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electron beam induced deposition (FEBID) using iron pentacarbonyl as a gas precursor. The resulting nanomagnets feature an inner iron part and a 3 nm

iron oxide cover (core—shell structure). Full functionality of conventional NML gates from FEBID-nanowires was achieved. An advanced structure

maintaining the gate functionality based on bended nanowires was realized. The unique design obtained by direct-writing reduces the error probability

and may merge several NWs in future NML elements.

KEYWORDS: nanomagnet logic - electron beam induced deposition - iron - magnetic nanowires - nanomagnetism -

computational nanotechnology

anoMagnet Logic (NML) is a new con-

cept for binary computation, which

is attracting tremendous attention

for its potential application in future com-
putational systems.'? Nowadays, further
improvements in conventional chips tech-
nology based on complementary metal—
oxide—semiconductor (CMOS) are limited
by several issues including power consump-
tion, energy dissipation, and down-scaling
of gate dimensions.>* Alternatively to charge-
based conventional electronics, NML exploits
magnetic interactions among nanometer-
scale magnets to perform binary logic func-
tions. This concept allows reducing the en-
ergy dissipation per switching event for a
logical gate operation and eliminates the
need for stand-by power, characteristics
that can strongly improve the battery life
in mobile information processing systems.
Elongated nanomagnets such as ferro-
magnetic nanowires (NWs) are the key ele-
ments of the NML technology, because of
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the shape anisotropy that constrains the
magnetization direction to a bistable state,
which can encode the logic bits 0 and 1.° To
ensure a high density packing and a con-
trolled shape of such nanostructures, the
fabrication typically has been accomplished
by a multistep process including electron-
beam lithography (EBL), magnetic layer evap-
oration, and lift-off processes.”® However,
many efforts are devoted to improve the
nanostructure geometry beyond the ca-
pabilities of resist-based planar lithography.
Significant progress was promoted by Gross
et al. with the synthesis of nanomagnet
arrays via nanostencil lithography, and by
Becherer et al. using a focused ion beam to
mill a previously deposited magnetic multi-
layer for magnetic-field coupling applica-
tions.>'° A hurdle of the mentioned techni-
ques is the synthesis of structures with
different heights since the evaporation/sput-
tering of the magnetic layer leads to a mag-
netic layer with homogeneous thickness.
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Figure 1. (a) FEBID process sketch which shows how a gas precursor is injected through a nozzle in proximity of the
deposition area. A focused electron beam is promoting its decomposition and subsequent deposition, leading to a well-
defined nanoscale deposit of the desired material. (b) SEM micrograph of iron nanowires fabricated by FEBID. When
ferromagnetic NWs, which encode the Boolean logic, are deposited near each other, they interact through magnetic dipolar
coupling (inlay) leading to processing and transport of the digital data.

As an effective improvement compared to these
methods, this work, for the first time, introduces the
nanofabrication of NML systems via focused electron
beam induced deposition (FEBID). FEBID is a maskless,
resistless, direct-write method which employs a fo-
cused electron beam to promote a local chemical
vapor deposition process, allowing the fabrication of
features with a lateral size of less than 5 nm.""""? This
deposition technique has the unique capability to
precisely define the 3-D geometry of nanosystems,
with particular regard to their height. As we demon-
strate in this work, the height has a strong impact on
the coercitivity of the magnetic nanowires which are
the key elements in NML. Furthermore, FEBID offers
several other advantages like deposition on arbitrary
technical substrates and on predefined areas, featuring
controlled shapes of the deposit, high lateral resolution
as well as in situ monitoring of the growth. These char-
acteristics make FEBID an attractive alternative for the
nanofabrication of devices relying on ferromagnetic
materials like nano-Hall probes'®'® magnetic force
microscopy (MFM) tips,'> domain wall-based devices,'®
and others."”” ~'® Many efforts have been devoted to
obtain high metal purity in FEBID magnetic nanostruc-
tures with particular regards to iron. With FEBID an iron
content of 50% up to 76% has already been reported in
high vacuum (HV) conditions,”®~%* and pure FEBID-Fe
deposits have been obtained only in ultrahigh vacuum
(UHV) conditions.”

In this study we evaluate the fabrication of high
purity iron (>80%) ferromagnetic nanowires via the
HV-FEBID approach for their application in digital
magnet logic technology. The optimization of such
nanosystems has led to second generation NML gates.

RESULTS AND DISCUSSION

Direct-writing of ferromagnetic nanowires for NML
gates was performed by FEBID. Iron penta-carbonyl
has been used as precursor for the deposition of
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3-dimensional magnetic Fe structures on Si(100) by
FEBID. The focused electron beam, properly guided by
a pattern generator, initiates its local decomposition
leading to the desired iron-based nanowires (Figure 1a,b).
When these nanosystems exhibit ferromagnetic proper-
ties and are close enough to interact with each other, their
magnetic dipoles will couple with the ones of the neigh-
bors. In NML this coupling is employed for encoding and
processing of digital information.

Shape and chemical composition of the deposits are
the most important parameters affecting the magnetic
properties of our NWs. Hence, detailed studies of
geometry, especially the impact of the NW-heights,
and the chemical composition were carried out
by bright field transmission electron microscopy
(TEM), electron energy loss spectroscopy (EELS), and
energy filtered transmission electron microscopy
(EFTEM). A typical cross-section of a FEBID-NW is dis-
played in Figure 2a. This 1 um long NW of 153 nm
height (54 scan loops) was deposited within 10 s. The
TEM image shows the Si(100) substrate, the Fe-NW
itself, and a dual-layer protective coating. First a thin
gold protective film (~70 nm) has been thermally
evaporated on the NW immediately after its FEBID
fabrication. This high-purity Au film shall prevent C
contamination originating from the second FEBID
Pt/C layer (during the TEM lamella preparation). The
Fe NW cross-section demonstrates the contribution of
two different kinds of secondary electrons (SE) to the
deposition process. The SE can be either produced by
the primary electron beam (SE1) or by the back scat-
tered electrons (SE2), respectively.'"* SE1 promoted a
narrow and high deposition, corresponding to the
main structure, on those areas where the primary
electron beam hit the substrate surface. Around the
main structure, a broad and flat deposit (base struc-
ture) is induced by the SE2. In particular, the base
structure can also be promoted by the electrons
scattered within the freshly deposited iron NW itself.2
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Figure 2. (a) Cross-section TEM micrograph of the 153 nm high (54 scan loops) nanowire deposited on Si(100). The two
contributions of SE1 (sharp and high) and SE2 (broad and flat) on the obtained nanodeposit are evidenced. The selected-area
electron diffraction (SAED) pattern of the Fe NW is displayed in the inlay, evidencing the presence of a-iron phase with
crystallites size of <3 nm. (b) The corresponding EFTEM elemental map reveals the core—shell structure of the NW in which the
iron inner part is completely covered by a thin layer (~3 nm) of Fe,0s.

The obtained morphology with a narrow peak on a
broader base, resulting from the combination of the
SE1 and SE2 interaction areas, plays an important role
in the NML elements magnetic behavior. To com-
prehensively describe the magnetic properties of these
systems, also the crystallinity must be taken into
account. Hence, selected area electron diffraction
(SAED) analyses have been performed exclusively on
NWs cross sections and such a pattern is shown in the
inlay of Figure 2a. The results indicate the presence of
polycrystalline a-Fe phase with crystallites dimension
of <3 nm. This result is not unexpected since previous
work from Lavrijsen et al. shows the amorphous nature
of this type of deposit in which small crystalline
particles of a-Fe are contained.?’ To obtain composi-
tional information from such small nanosystems,
EFTEM analyses of several NWs have been executed.
Figure 2b depicts the EFTEM elemental map of the
above-discussed NW cross section. The atomic distri-
bution of Fe, O, and C on the NW cross-section
(Figure 2b) is a strong evidence for the presence of
an iron core covered by a thin oxide layer (~3 nm),
mainly constituted of Fe,Os;, while C is uniformly
distributed throughout the whole structure. The FEBID
originated “core-shell” structure is ideal for the chemi-
cal stability of the system under ambient conditions,
since a thin oxide layer on the NW surface passivates
the Fe core and protects it from further oxidation.?
In addition, the core chemical composition evaluated
by EELS revealed an extraordinarily high Fe content
of ~82%, while O and C percentages are around ~7%
and ~11%, respectively. Notably, this is the first time
that such a high Fe purity was achieved by FEBID fabri-
cated Fe nanostructures under high vacuum conditions,
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without any substrate heating or specimen post-
treatments. This result is probably due to the adopted
chamber cleaning procedure based on UV irradiation
in the presence of oxygen that allows us to drastically
reduce the presence of carbonaceous contaminants.?’
The achieved high iron concentration in the FEBID NWs
gives rise to the expectation of a magnetic behavior,
which has been proved by MFM studies at room
temperature (Figure 3).

In MFM the magnetic probe interacts with the
magnetic forces produced by the stray fields arising
from the specimen surface leading to the cantilever
deflection. In Figure 3a,b topography and magnetic
configuration images of a 29 nm high (9 scan loops) Fe
NW deposited for 0.25 s are displayed. The investigated
NWs were deposited with their long (easy) and their
short (hard) axis laying on the Si substrate. The change
in contrast in the phase shift images is related to the
different magnetic interactions between the MFM tip
and the sample surface: dark and bright contrasts are
related to attractive and repulsive magnetic forces,
respectively.”® Three main regions of the fabricated
nanowires can be identified by MFM (Figure 3b). In the
middle part of the NW the magnetic dipoles are
oriented parallel to the NW main axis and consequently
cannot be detected by MFM. At both ends, on the other
hand, the magnetic stray fields are clearly revealed by
the change in contrast. This behavior is attributed to
permanent dipole moments of iron in the NW inter-
acting with each other. Consequently, it is reasonable
to assume that the FEBID fabricated nanowires are
ferromagnetic,?® an essential property for use in NML.

Another important precondition in NML technology
is the temporal stability of the ferromagnetic properties.
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Figure 3. (a) MFM topography and (b) corresponding phase images of the NW deposited with 9 SL. The two phase images
were collected after magnetization of the sample parallel to the long axis, first from left to right (left) then in the opposite
direction (right). These two possible magnetic configurations represent the encoding of the Boolean logic “0” and “1”.
(c) Phase images showing the magnetic reversal of NWs with different lengths, from 200 to 500 nm, and heights of 25 nm
(7 SL), 30 nm (9 SL), and 35 nm (11 SL). The width (FWHM) of the NWs is 105 nm (7 SL), 116 nm (9 SL), and 123 nm (11 SL).
The external magnetic field applied before each measurement is shown on the side of each phase shift image, starting
from +178 (i) to 57 (iv) mT. This study reveals the capability of controlling the NWs coercivity by varying the thickness.

Through MFM studies, we observed that FEBID-NWs,
stored under ambient conditions, retained their mag-
netic configuration for several weeks, confirming
the chemical stability of the core—shell structure (see
Figure 2b). The magnetic configuration revealed by MFM
reflects the so-called “single-domain behaviour” and it is
due to the magnetic shape anisotropy of the NW.30*
Magnetocrystalline effects are also known to play an
important role on the total free energy of a magnetic
system.? However, since the Fe NW is polycrystalline with
a very small crystallites size (<3 nm), their influence is
minimal compared to the shape anysotropy in our NWs.

An essential property for the use of FEBID-NWs in
NML is the possibility of programming the magnetic
configuration of each of them by means of an external
magnetic field (B). When B is applied parallel or anti-
parallel to the main NW axis (long axis), it orientates the
magnetic dipoles in two opposite directions. These two
possible magnetic configurations can then encode the
Boolean logic “0” and “1”, which in NML will be pro-
cessed through magnetic coupling among neighbor-
ing NWs. Many efforts have been devoted on precisely
tailoring the coercitivity of ferromagnetic NWs, in
particular by designing of their lateral shape.3>3*

As a new degree of freedom, FEBID allows not only
to control the lateral dimensions (length, width) but
also to vary individually the height and width of each
iron nanostructure, within the same run set. An indivi-
dual thickness control has a strong influence on the
magnetic properties of the deposits and it allows to
generate NWs with the same lateral dimension but
different coercivites. In Figure 3¢, MFM studies on the
Fe NWs magnetization reversal, under different exter-
nal magnetic fields, are reported. For initialization, in
the first step the specimen was first magnetized with a
high magnetic field (ca. +178 mT) in order to orient all
the magnetic dipoles in one direction. In the succeeding
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magnetization steps, the external magnetic field was
applied in the opposite direction, gradually increasing
its magnitude (from —20 to —57 mT).

MFM studies were performed to evaluate at which
strength of the switching field the NWs change their
magnetic configuration in the opposite direction. For
systematic studies NWs series with different lengths
(from 200 to 500 nm) and height (height 25 to 35 nm)
were investigated (Figure 3c). Moreover, AFM profile
studies along the middle of the NWs fabricated with
different SL reveal that also the full width at half-
maximum (FWHM) change from 105 to 123 nm (see in
S1 Supporting Information). The results of this inves-
tigation indicate that the coercivity increases with a
decrease in NW thickness (height and width). This is in
accordance with the mechanism of the domain-wall
nucleation field since a thicker structure facilitates
the magnetization reversal, hence decreasing the
coercivity.3%**Within the tested parameter range,
no trend has been observed regarding different
lengths of the NWs. Moreover, the base structure
created by SE2 can also be responsible for the re-
duced coercivity of the obtained nanosystems com-
pared to bulk iron."®

The fabrication of NWs with different heights and
therefore different coercivities for future NML devices
enabled by FEBID is still a challenge for the conven-
tional electron beam lithography (EBL) approach. With
this conventional multistep process the desired ma-
terial is deposited as a blanket layer of homogeneous
thickness on the electron beam processed resist, so
that the magnetic film will uniformly cover the whole
substrate leading to nanoelements with same height.
FEBID presents the advantage to precisely tailor the
coercivity of individual magnetic NWs by means of
their height3® This is of decisive relevance in NML for
controlling their magnetic reversal to set the proper
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Figure 4. Topographic (left) and phase shift (center) MFM images of (a) NAND/NOR majority, (b) fan-out, and (c) information
transport gates, obtained by FEBID. In particular, the majority gate is formed by a set of seven NWs: three inputs (i, yellow),
three helpers (two h; and one h,, blue), one central (¢, white), and one output (o, red). The magnetic dipole orientations in the
NWs are illustrated in the sketches on the right, in order to highlight the coupling between neighbor elements. The blue and

yellow colors correspond to north and south poles respectively.

Boolean value, encoded in one of the two possible
magnetic configurations.

To process the digital information we have fabri-
cated arrays of NWs obtaining some already described
NML configurations by Niemier et al.> This initial step
has confirmed that NML structures with similar be-
havior to those realized by EBL and magnetic layer
evaporation approach can be successfully obtained by
FEBID. As a direct-write method FEBID allows the
circumvention of masks, resists, and following lift-off
processes, which are main sources of nanostructure
damages. Figure 4 reports the MFM investigations
executed on three different NW arrays which can per-
form NAND/NOR (Figure 4a), fan-out (Figure 4b), and
information transport (Figure 4c) operations. This study
consists of topography (heightimage), magnetic imag-
ing (phase shift image), and a schematic representa-
tion of the magnetic configuration of each logic array.
The digital processing is based on magnetic interac-
tions among adjacent NWs by either ferromagnetic or
antiferromagnetic coupling.® We will first discuss the
majority gate array reported in Figure 4a, in which both
of the magnetic coupling mechanisms play a key role
in the logic processing. In an initial step, an external
magnetic field is applied parallel to the “inputs” (i) easy
axis, that is, long axis, setting their magnetization in a
specific direction, while for “helpers” (h1, h2), “central”
(c) and “output” (0) NWs the magnetic dipoles will
orient along their hard axis, that is, short axis. Once that
the external field is removed, the magnetic dipole in h;
and h, will realign according to the stray fields pro-
duced by the neighbors i, setting their magnetiza-
tion along their easy axis up—down (binary “1”) or
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down—up (binary “0"). The three helpers, two h; and
one h, will then couple with the central wire c by
ferromagnetic and antiferromagnetic interactions, re-
spectively, hence the majority of the helpers will set the
magnetization off the central either up—down (“1”) or
down—up (“0"). Finally, the magnetization direction of
output wire o is set by the antiferromagnetic coupling
with wire c. Using this NWs configuration, it is thus
possible to execute NAND/NOR computation.” NAND/
NOR structures are relevant digital gates in logic
circuits. The two possible types of magnetic couplings
described above can also be used to fabricate a three-
way fan-out structure (Figure 4b), an essential logic
gate which allows the spread of digital information.>®
Another important process is the transport of binary
information. To this aim, an array of parallel NWs along
a line was fabricated. MFM results (Figure 4c) proved
the successful transport of information by antiferro-
magnetic coupling between the NWs. Concluding, the
applicability of FEBID for NML gates was successfully
proven.

The main obstacles of the classic NML approach are
errors in magnetic coupling between neighbor ele-
ments in arrays formed by several NWs. An example of
coupling errors was observed in the fan-out gate
(Figure 4b), where the magnetic dipoles orientation
of many NWs is not concordant with that of the
neighbors. This coupling problem is not related to
the FEBID fabrication approach, since it was also found
in NML circuits produced by EBL and subsequent eva-
poration of the magnetic layer. It is worth pointing
out that the discordant magnetic coupling probability
is high when a large amount of nanoelements are
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Figure 5. Topography (top) and phase shift (bottom) MFM images of the (a) NAND/NOR and (b) fanout gates fabricated by the
merging of NWs. The phase shiftimages evidence the magnetic reversal of the gates by applying an external magnetic field in
opposite directions (arrows directions), whereas the inlays in panel a, show the magnetic dipole orientations where blue and
yellow represent north and south poles, respectively.

interacting with each other. Therefore, this work for the
first time proposes unifying NWs in newly designed
nanostructures, maintaining the gate functionality and
at the same time reducing the error probability.

This work introduces “second generation” majority
NAND/NOR and fan-out gates fabricated by FEBID.
Regarding the NAND/NOR structure, we merged
neighboring inputs i and helpers h in one single
“bended wire” in order to transmit directly the
proper binary information to the central wire. The
central wire c is then the only one communicating
with the output o (height image, Figure 5a). The
simultaneous switching of all three inputs together
was evidenced by applying first an external mag-
netic field (ca. +178 mT) from right to left and
then the same field in the opposite direction
(ca. =178 mT). As expected, the MFM analysis in
Figure 5a (phase shift images) showed the magnetic
dipoles in the central NW orientated in line with the
majority of the neighbors bended inputs, and the
output switched consequently.

Notably, more than 10 majority gates have been
fabricated with this new configuration and no errors
have been observed so far. With the fan-out gate, we
managed to unify all the nanoelements in one single
structure. This second generation fan-out increases
the load-driving capability from three to five. At a
first glance, this approach looks like a bended wire
structure used for the majority gate. However, a
closer look evidence, that the bended wires are all
overlapping at the same input which connects all
fan-out wires together (height image, Figure 5b). In
this configuration the switching was proven by
applying an external magnetic field on the sample
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in opposite directions (ca. =178 mT) and, as expected,
all five outputs did switch in agreement with the input
(phase shift image, Figure 5b). Upon testing several
fan-out gates, also in this case, we found that the error
probability was drastically decreased by the bent
structure.

CONCLUSIONS

We have demonstrated that iron-based (Fe > 80%)
ferromagnetic nanostructures of relatively high purity
can be custom fabricated by a high vacuum FEBID
approach for Nanomagnet Logic technology. This nano-
fabrication method is a winning alternative to EBL
since it is a resistless, maskless and direct-write
method, leading to better defined and damage-
free nanoelements. In addition, the FEBID approach
opens new possibilities concerning NWs design, due to
its capability of depositing nanostructures with differ-
ent heights within the same run set. This exceptional
advantage permits to better tailor the magnetic prop-
erties of the obtained nanodeposits, with special
regard to their coercivity, leading to fine-tuning of
the NWs. The design of the switching behavior is
crucial for setting the proper Boolean value to differ-
ent elements on the same device by means of differ-
ent magnetic field magnitudes. Further studies using
this approach will be performed to improve the
NAND/NOR majority gate. The goal of future studies
will be the individual switching of the three inputs by
properly tailoring their height. Let us finally point out
that we, for the first time, produced arrays of merged
NWs in order to reduce magnetic coupling errors in
majority (NAND/NOR) and fan-out gates. We believe
that the FEBID approach will continue to contribute a
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significant progress to produce second generation NML
devices based on interconnected nanostructures,

METHODS

Iron-based nanostructures were synthesized by focused elec-
tron beam induced deposition (FEBID) on Si(100) substrate
starting from Fe(CO)s as gas precursor. As a standard procedure
the Si substrate with ~2 nm of native oxide layer has been
cleaned by ultrasonication in acetone and isopropyl alcohol
directly before the deposition. The electron beam was pro-
duced by a commercial Zeiss Leo1530VP scanning electron
microscope equipped with a self-built gas injection system,
originally described by Hochleitner et al,'” allowing the pre-
cursor injection to the point of impingement of the focused
electron beam. The precursor pressure measured in the supply
line was ~2.2 mbar, which is equivalent to ~3.0 x 10~°> mbarin
the reaction chamber. The base pressure in the system mea-
sured before the Fe(CO)s injection, was ~2.0 x 10° mbar.
A focused electron beam with an acceleration voltage of 3.0 KV
and 1.01 nA beam current promoted the local dissociation and
subsequent deposition of the precursor molecules leading to
the desired nanosystems. To fabricate nanowire arrays with
high lateral precision a Raith ELPHY Plus pattern generator was
employed to guide the electron beam on the substrate. The
height of the deposit was controlled by the number of repeti-
tions of electron beam scans on the same pattern (scan loop, SL):
the higher the SL number is, the thicker is the resulting struc-
ture. The deposited nanostructures were characterized by TEM
imaging, SAED, EELS, and EFTEM analysis using a FEI Tecnai F20-
FEG transmission electron microscope. Before the TEM lamella
preparation a gold protective layer was evaporated on the NWs
with a Balzers PLS 500 thermal evaporation system using gold
grains (>99.99%) as a precursor. MFM studies were carried out
on a commercial Dimension 3100 atomic force microscope (Veeco/
Bruker) using PPP-LM-MFMR magnetic tips (NANOSENSORS),
which are characterized by a low momentum in order to not
induce NWs reversal during the samples investigation.
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