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metal oxide in Fe-based inorganic—organic hybrid
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Low dimensionality provides an exciting research field for investigating quantum effects in functional
materials. This work reports a novel quasi one-dimensional (1D) spin system configured in an inorganic—
organic hybrid nanosheet. This nanosheet was solvothermally synthesized from FeCls, CHsCOOK, and ethy-
lene glycol (C,HgO,) as the solvent. The minimum chemical composition of this hybrid nanosheet is
Fe;0477(CoH405)e, and the quantum magnetic properties arise from a quasi-1D spin system of Fe**. Remark-
ably, this quasi-1D antiferromagnetism exhibits a critical temperature at 21 K, implying a relatively low mag-
netic fluctuation state compared with an ideal 1D spin system. The unique characteristics of this novel
inorganic—organic hybrid nanosheet are therefore considered attractive for tailoring novel low-dimensional

rsc.li/materials-c quantum devices.

1. Introduction

Low-dimensional materials provide an exciting research platform
for investigating functional quantum phenomena,'” such as
superconductivity,"” metal-insulator transitions,* and multistage
magnetic ordering.* The unique characteristics and potential of
one-dimensional (1D) materials were actively predicted in the
early stages of modern materials science.'®* However, the fabri-
cation of 1D materials and the detection of their distinctive
features were challenging, although recent advances in nanotech-
nology have drastically boosted this research field.

Quantum properties generally arise in nanoscale regions.
Consequently, the functional signal from an individual quan-
tum region is typically weak. Therefore, the effective alignment
of quantum regions to bundle these weak responses is of
paramount importance for investigating the functionality of
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1D materials. To address this issue, fabrication techniques of
hybrid nanomaterials have recently come to the fore as effective
approaches to tailor novel quantum materials.">™® A hybrid
nanomaterial is generally defined as a compound consisting
of a nanostructured matrix within a framework of organic
molecules.'®?° Thus, it is not a simple mixture of components;
rather, the constituents form an original crystal structure through
chemical bondings.

Here, we report the discovery of a novel hybrid material in a
precursor nanosheet used for synthesizing shape-controlled
Fe;04 microcrystals.”" The uniqueness of this hybrid nanosheet
resides in its quasi-1D properties, displaying a phase transition
that originates from the distinctive structure of the iron oxide
within the material. The crystal structure remains to be clarified.
This work precisely characterizes this novel hybrid nanosheet
involving a quasi-1D spin system of Fe** (HNS-1DFe).

2. Experiments

2.1. Synthesis and fundamental characterization

HNS-1DFe was solvothermally synthesized from 0.5 M FeCl;
(96.0%, Kanto Chemical: Japan) and 3 M CH3;COOK (97.0%,
Kishida Chemical: Japan) in dehydrated anhydrous ethylene
glycol (EG: 99.8%, Sigma-Aldrich: USA) as the solvent.>' These
solutions were mixed, sealed into a reaction tube with a high
allowable inner pressure, and heated at 180 °C for 2 h in an oil
bath. After synthesis, the product was extracted, washed three
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times with EG using centrifugation under 10 000 G for 10 min,
and finally dried for 1 week. This fabrication procedure repro-
ducibly yielded a dark yellow nanosheet powder; however, the
colour was slightly different among samples synthesized on
different days. Therefore, all evaluations in this study were
conducted using a single sample batch to maintain consistency
in the discussion.

The chemical composition of the product HNS-1DFe was
evaluated by inductively coupled plasma optical emission
spectroscopy (ICP-OES: Ultima-2, HORIBA: Japan) and organic
elemental analysis (OEA: TruSpec Micro CHN, LECo: USA). Tht
thermal stability of HNS-1DFe was verified by thermogravimetric
analysis (TG: TGD-7000RH/SP, ULVAC: Japan) under flowing N,.

2.2. Morphology and structural characterizations

The morphology of HNS-1DFe was observed by field-emission
scanning electron microscopy (FE-SEM: SU-8000, Hitachi High-
Tech: Japan), and the crystal structure was verified from field-
emission transmission electron microscopy (FE-TEM: JEM-
2000F, Japan Electron: Japan) images acquired with an accel-
erating voltage of 200 kV.

Spectroscopic structural analysis was also carried out using
Fourier transform infrared spectroscopy (FT-IR: FT/IR-680 Plus,
JASCO: Japan) with the specimen prepared as KBr pellets, and
Raman spectroscopy (NanoFinder-1000, Tokyo Instrument:
Japan) with a 532 nm excitation laser, respectively. The powder
X-ray diffraction (XRD) pattern was measured using a conven-
tional diffractometer (MiniFlex-600, RIGAKU: Japan) with copper
K, radiation. Powder Neutron diffraction (PND) measurements
were conducted on a long-wavelength diffractometer (WISH, ISIS
Neutron and Muon Source: UK), which covers long d-spacing
values up to 100 A in magnetic and large unit-cell systems.?*

The main valence state of iron ions and their cationic
configurations in HNS-1DFe were also evaluated by Fe K-edge
X-ray absorption fine structure (XAS) spectra measured at BL-
9A, photon factory, KEK, Japan, using the transmission
method. Data processing of the X-ray absorption near-edge
structure (XANES) region and extended X-ray absorption fine
structure (EXAFS) region in the XAS spectra was carried out
using the data processing program, ATHENA.>® Measurements
of °’Fe Mdossbauer spectra were carried out under constant
acceleration mode. A y-ray source of *’Co(Rh) (1.85 GBq,
MCo07.124/74/20, Rietverc, verified on 02.12. 2020) was attached
to the transducer, and o-Fe (30 pm thickness, MRA 2.6/30.20)
was used as a reference for zero-velocity and velocity-scale
calibration, with the sample placed in front of the proportional
counter (45431, Niki-Kogei). For the measurements, 40 mg of
the well-pulverized sample was shaped into a 10 mm diameter
pellet and fixed on cellophane tape. The y-ray from the source
through the sample was detected by the proportional counter
under an applied voltage of 2 kV supplied by a high-voltage
power supply (556, ORTEC: USA).

2.3. Measurement of physical properties

The physical properties of HNS-1DFe were characterized in
terms of dc-magnetization and specific heat by using a
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Magnetic Properties Measurement System (MPMS-XL, Quantum
Design: USA) and a Physical Properties Measurement System
(PPMS Dynacool, Quantum Design: USA), respectively. The mag-
netic contribution of Fe** ions in the specific heat, Crnag, Was
estimated as Cpag/T = [Cmoi = Clattice)/T for HNS-1DFe. Here,
Clattice denotes the lattice contribution to the specific heat, and
the estimation procedure is given in the SI (SI-4). Then, the
magnetic entropy, Smag(7), was calculated as follows.

T

SwalT) = | rtar (1)
Trnin T

here, Th,in ® 1.9 K is the lowest experimental temperature. On
the other hand, the temperature dependence of Cpag, Crag(T),
followed the power law Cpnag = 8" T” (ot & 3),%" and Cmag(T) was fit
to determine the ¢” and « values. The ¢” serves as a prefactor. The
exponent o is discussed as dmag/N, Where dpag is the dimension of
the spin system and 7 is an index indicating ferromagnetic (n = 2)
or AF (n = 1) interactions between spins.**

3. Results

3.1. Verification of the hybrid structure

The solvothermal synthesis in this study yielded a dark yellow
powder as the product (HNS-1DFe) with each particle in
nanosheet form (see Fig. 1(a)). Details of this fundamental
characterization are described in the SI (SI-1). The HNS-1DFe
shows a flake-like morphology with a size of 1-5 pm. The thickness
of HNS-1DFe can be estimated from Fig. 1(b) and is about
50-100 nm. Compositional analysis for HNS-1DFe revealed the
minimum chemical composition as Fe,0, ;-(C,H;0,)o. This result
indicates the existence of an organic component, which is addi-
tionally verified by spectral analysis. Fig. 1(c) shows FT-IR and
Raman spectra of HNS-1DFe and ethylene glycol (EG, C,HgO,)
used as the solvent during synthesis. Most of the peaks above
800 cm ! for HNS-1DFe can be assigned to EG, while several fine
structures with peak splitting and small shifts in wavenumber are
also observed. The difference between the peaks of HNS-1DFe and
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Fig. 1 Typical characteristics indicating a hybrid structured nanosheet for
HNS-1DFe. (a) and (b) Typical SEM images. (c) Raman and FT-IR spectra.
These spectra are compared with those of EG. (d) Weight loss measured by

TG under heating and cooling procedures in Na.
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those of simple EG is attributed to the solidification of EG
molecules.”® For example, absorption bands at around 3700,
2900 and 1060 cm ™ * are assigned to strong stretching modes of
OH, CH, and C-O, respectively, in the case of liquid-state EG.
However, the strong absorbance of the OH stretching-vibration at
~3700 cm™ ' isdiminished in HNS-1DFe. This indicates that HNS-
1DFe includes EG-derived organic molecules lacking hydrogen
atoms.

Fig. 1(d) shows the weight loss of HNS-1DFe as a function of
increasing and decreasing temperature. The weight loss starts
at around 300 °C. This temperature is apparently higher than
the boiling point of EG (& 198 °C), and it defines the phase
formation point of Fe;0, from HNS-1DFe.?* These observations
lead to the conclusion that EG in HNS-1DFe does not exist as an
adsorbed organic molecule but instead forms chemical bonds
that allow its stabilization within the structure.

For characterizing the nanostructured matrix in HNS-1DFe,
XAS and Mossbauer spectra were measured. The results are
shown in Fig. 2. Fig. 2(a) compares the XANES spectrum of
HNS-1DFe with those of a-Fe,O; and FeAl,O, measured as
reference materials,*® indicating Fe®* and Fe®", respectively.
Pre-edge peaks observed at around 7115 eV are due to 1s-to-3d
forbidden transition of Fe K-edge absorption, and the position
is almost the same for HNS-1DFe and o-Fe,Os;. This peak
position is known to depend on the valence state of iron
ions.?””?® Hence, these data indicate that the valence state of
Fe in HNS-1DFe is similar to that in o-Fe,O; rather than
FeAl,O,. This trend is also identified from the absorption edge
of XANES spectra. The absorption edge of HNS-1DFe is almost
identical to that of a-Fe, O3, which shows that the valence state
of Fe ions are all 3+ with the spin state, S = 5/2, in HNS-1DFe.
Mossbauer spectra shown in Fig. 2(b) further support this
observation; Fe>* was not identified. Analysis details are given
in SI (SI-2).
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Fig. 2 Structural characteristics of HNS-1DFe. (a) XANES spectra of HNS-
1DFe, a-Fe,O3 and FeAl,O4 as reference materials. (b) Méssbauer spectra
measured at different temperatures. (c) Relationship between the radial
distance and the radial distribution function calculated from XAS spectra.
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Fig. 2(c) plots the radial distribution function against the
radial distance with respect to the XAS spectra of Fe in HNS-
1DFe and in that of a-Fe,Oj3. For o-Fe,03, the origin of the first
peaks (red area) is assigned to Fe-O distances (distances to the
nearest-neighbour anions), and that of the second peaks (green
area) is assigned to Fe-Fe distances (distances to the nearest-
neighbour cations). This figure reveals that the radial distances
of Fe-O bonds in a-Fe, 03 are almost the same as those between
Fe and the nearest-neighbour-atom in HNS-1DFe, even though
the densities differ. The average distance between Fe and its
nearest-neighbour atoms is clearly shorter than the value in
metallic iron (~2.5 A)**>! and in iron-based complexes
(~2.0 A).>'® Therefore, the nanostructured matrix of HNS-
1DFe is inferred to be an iron oxide.

3.2. Evaluation of low dimensionality of HNS-1DFe

Temperature dependence of the magnetic susceptibility, y(7),
of HNS-1DFe is presented in Fig. 3(a) (see also SI-3 in SI). The
field-cooled (FC) y(7), measured in a field of 10 kOe, shows a
round maximum at T,,.x & 120 K and a kink at around 21 K.
The kink is indicative of a magnetic transition, while the broad
maximum at higher temperature suggests magnetic order with
low dimensionality of the spin system.** Therefore, we
attempted to fit the data with 1D and 2D models for antiferro-
magnetic (AF) spin systems by applying the Fisher classical
model*® and the Lines model,*® respectively, instead of the
conventional Curie-Weiss law, which is established for 3D
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Fig. 3 Physical properties indicating low-dimensional spin system in
HNS-1DFe. (a) Temperature dependence of normalized magnetic
susceptibility for 1 mol of Fe** (S = 5/2). (b) Temperature dependence of
the magnetic contribution of Fe** ions in the specific heat, divided by
temperature, measured at various applied fields for HNS-1DFe. Inset shows
the field variation of the maximum temperature indicated in the Cpo/T
curves as Tc. (c) Temperature dependence of the magnetic contribution to
the specific heat and the relationship between temperature and the
magnetic entropy of HNS-1DFe at 0 Oe. (d) Logarithmic plot of the
magnetic contribution in the specific heat used to fit a power law.
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materials. For the Fisher classical model, y(7) of a 1D AF
material, y1p(7), was calculated from formulas (2) and (3).

oo =P 18] e
2JS(S + 1) kT
u:coth[ T }_2JS(BS+1) (3)

On the other hand, the Lines model calculates the %(7) of 2D
AF material, y,p(7), by formulas (4) and (5).

X _ Ng2u32
() = S(5-+ 1)
@
X 1+£+£+£+£+£+i_
30 30> 303 0 30% 3605 369
kgT
== 5
JS(S+1) (5)

here, § = 5/2 (Fe*"), g = 2, and the nearest-neighbour exchange
interaction J/kg is empirically determined as the fitting para-
meter. Then, A =4, B=1.448,C=0.228, D =0.262, E=0.119, and
F =0.017 are used as the optimized parameters for § = 5/2.%¢
Each fitting processes was conducted for the measured y(7) as
2(T) = y1p(T) and %(T) = y»p(T), respectively. Fig. 3(a) shows that
the 1D model (blue line) provides a better fit than the 2D model
(red line), even though a sizeable diamagnetic depression must
be taken into account. Here, the value of J/kg was determined as
Jlkg = —13.6 K to fit the position of Ty,... The magnitude of the
diamagnetic shift for HNS-1DFe is quite large and cannot be
explained by the influence of EG molecules. These fitting issues
suggest the existence of an inter-chain interaction, J’, between
the 1D chains of the spin system, and the magnetism of HNS-
1DFe is more precisely considered as quasi-1D antiferromag-
netism. Therefore, we considered the influence of J’ for fitting
the data of y(7). Here, y(T) was taken as the origin of the
magnetism of the sample, and M and H were defined as the
magnetization of the sample and the applied magnetic field,
respectively. That is, y(T) = M/H. On the other hand, y;p(7) is
considered to be the response to the effective magnetic field,
H + AM. Here, A is the molecular field coefficient including the
contribution of ', and it is expected to be / # 0 in the case of J/
# 0. In this case, y1p(7) is expressed as y;p(7T) = M/(H + AM).
These two equations give rise to formula (6).

Lo (T)
uT) = 17y, (T) (6)

Fig. 3(a) shows the successful fit by the modified 1D model
(orange line) obtained by applying formula (6) with A ~ —0.6 to
71p(T) with J/kg = —13.6 K. These results indicate quasi-1D
antiferromagnetism with the contribution of J' in HNS-1DFe.

Low dimensionality of the spin system in HNS-1DFe was
also verified by heat capacity measurements. First, Fig. 3(b)
shows the specific heat divided by temperature, Cp,1/7. A small
peak appears at 20.4 K, corresponding to the critical transition
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temperature, T, in Fig. 3(a). This peak temperature is slightly
depressed by applying a magnetic field (see the inset in
Fig. 3(b)). Next, the magnetic contribution of Fe*" ions to the
specific heat, Crag, is plotted in Fig. 3(c). Remarkably, Ciag(T)
exhibits a broad maximum at T,,.x & 44 K above the magnetic
transition at Tc. This indicates that the magnetic degrees of
freedom of Fe*" ions persist at high temperatures, T > T.
Thus, the existence of strong AF spin correlations or low-
dimensional spin fluctuations in the spin system is considered
the origin of the broad maximum in Cp,e(T). This point is
verified by a theoretical calculation for the 1D AF spin system,>®
and the computed line is drawn (bold dashed blue line) in
Fig. 3(c). Here, theoretical calculations reproduce draw the
Cmag(T) behaviour using formulas (7) and (8). Then, a, =
11.097, a, = 11.097, a; = —0.8511, a, = 0.1799, b, = 0.0195,
b, = 0.5845, and y = 1.8081 are used as the optimized para-
meters for S = 5/2.%

. a2K2 —+ LZ3K3 —+ a4K4

Cmag(T) - (1 —|—b1K + szZ)V (7)
CUS(S+1)
K="t )

The model curve does not represent the experimental curve
well, and this discrepancy is attributed to the existence of J'
between the 1D chains of the spin system in HNS-1DFe.

The magnetic entropy, Smag(T), is also plotted in Fig. 3(c). It
is worth noting that Sy,.,(7) reaches a saturation value of Sy,e =
15 J K * molg. ' at temperatures as high as T = 100 K, which
corresponds well to the theoretically expected value of Sy, =
RIn(28 + 1) = 14.9 ] K molg. " for § = 5/2. This is consistent
with the previous results.

On the other hand, the kink at 21 K is remarkable because
such a transition phenomenon is not expected for a typical 1D
AF spin system.*® This is further evidence of the intrinsic
quasi-1D characteristics of the spin system in HNS-1DFe. The
Cmag(T) at T « T is expected to follow a cubic power law,
Cimag = 0"T* ( & 3).>" In our case, Cpag(T) follows the power law
Cmag = O'T >0 with §" = 3.09(7) mJ K ** below 10 K
(Fig. 3(d)). The theoretical exponent is discussed as dpmqg/n,”*
where dp,, is the dimension of the spin system and 7 is an
index indicating ferromagnetic (7 = 2) or AF (n = 1) interactions
between spins. That is, the exponent value of a ferromagnetic
spin system should be 0.5-1.5 and that of a 3D AF system
should be ~3. An exponent value of 2.69(1) is much higher
than 1.5 and clearly lower than 3. This result is in-line with a
low-dimensional AF systems with the existence of J' in the low-
temperature phase of HNS-1DFe.

3.3. Structural characterization of HNS-1DFe

Experimental details and the raw data are presented in SI (SI-5).
In Fig. 4(a), the XRD and PND patterns of HNS-1DFe are plotted
against the lattice distance, d. This figure truncates the extre-
mely intense peak observed at d ~ 8.05 A in order to focus on
other small peaks. There are several sharp peaks in the XRD
pattern, which can be assigned to fractional numbers of the

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Structural information relating to the 1D iron oxide matrix in HNS-
1DFe. (a) Diffraction patterns plotted against lattice distance, d, of XRD and
PND measurements for HNS-1DFe. The PND measurement yielded two
patterns corresponding to different detector set points, enabling collec-
tion of a wide range of diffraction data. (b) Typical high-resolution images
observed by TEM of the nanosheet surface. (c) TEM image observed in the
vicinity of the typical images shown in (b).

main intense peak considered to originate from the iron oxide
matrix (see the red line in Fig. 4(a)). This series of peaks can be
indexed as 007, with a lattice constant of & 8.05 A. On the other
hand, both diffraction patterns display many broad peaks that
can be attributed to the organic molecules in HNS-1DFe.
However, assignment of these peaks is not as easy as that of
the 00! peaks; hence, HNS-1DFe appears to belong to a crystal
system with an axial angle #90°. Fig. 4(a) shows the position of
these typical peaks to clarify the characteristic distances in
HNS-1DFe.

The nanosheet surface of HNS-1DFe was studied by TEM
observation. The most frequently observed surface area is
shown in Fig. 4(b), while Fig. 4(c) and the mesophases (specu-
lated) between them were also observed in the surrounding
regions. Gerber et al. reported a hybrid nanosheet of 1D iron
oxide synthesized under similar conditions to those used for
HNS-1DFe.*® Their hybrid nanosheet configures zebra array
structure, in which organic molecules and 1D iron oxide align
alternately along the nanosheet surface. However, our TEM
observation couldn’t find this zebra array structure for HNS-
1DFe. Instead, Fig. 4(b), which is a typical TEM image of HNS-
1DFe, shows a hexagonal arrangement of atoms, where the
observed atoms are considered to be Fe. The symbolic lengths
described in Fig. 4(b) as d; and d, are estimated as 10 and 8 A,
respectively. (Note that it cannot be concluded that these
lengths correspond to 8.05 A and 10.2 A, obtained from XRD
and PND data. The atomic planes with d ~ 8 A have another
atomic plane between them, which will scatter in anti-phase,
making the intensity of the reflection at 8 A zero.) In this case,
the distance between two Fe atoms was about 5 A, significantly
longer than the typical distance (<4 A) in iron oxides. Addi-
tionally, it is much longer than the calculated radial distance
extracted from Fig. 2(c) (2.8 A).

On the other hand, we were able to observe other views for
HNS-1DFe. Fig. 4(c) shows that atoms form short-bond stacking
while sliding their positions uniformly. In that case, distances
of 8 A, 14 A, and 20 A (x8.05 A, ~13.7 A, and <22 A)
corresponding to ds, d,, and ds drawn in Fig. 4(c), respectively.
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This image is considered to relate to the periodicity of the 1D
iron oxide chain.

4. Discussion

4.1. Low-dimensional structure of iron oxide

In the previous sections we have demonstrated that the spin
system in HNS-1DFe orders with a quasi-1D nature. This is
attributed to the magnetic moments of Fe** in the iron oxide
matrix. Magnetism in transition-metal oxides is usually mediated
by superexchange interaction; hence a 1D (or quasi-1D) network of
the chemical bonds between Fe** and O*~ should structurally exist
in HNS-1DFe. However, this does not directly indicate the struc-
tural low dimensionality of iron oxide matrix in HNS-1DFe. This
section discusses the structural low dimensionality of HNS-1DFe
in more detail.

This low dimensionality of iron oxide in HNS-1DFe is
inferred from the Mossbauer data described in SI (SI-2). Here,
the isomer shift, 5, of Fe*" is relatively small (=0.316 mm s~ ' at
294.2 K) compared to the typical value for Fe’*-based oxides.
Based on the general understanding of the analysis of *’Fe
Mossbauer spectra for 3D materials, this small ¢ suggests that
Fe*" in HNS-1DFe locally has a tetrahedral coordination rather
than an octahedral one. However, this is not common for
simple Fe** oxides. In contrast, the small J value is reasonable
if the iron oxide matrix has a low-dimensional configuration
with a relatively small number of surrounding anions. This
result indicates the structural low dimensionality of iron oxide
in HNS-1DFe, since the origin of the magnetism is only Fe’" in
the case of this material. The Debye temperature, Op, calcu-
lated from the Mossbauer spectra also implies this trend. The
calculated @p of HNS-1DFe is 245 K, consistent with the value
Op = 237 K obtained from the fitting process of Cy,o; (see SI SI-2
and SI-4). These O values are smaller than those of Fe,O;
(300-330 K)*° and suggest weaker bonds around Fe®" in HNS-
1DFe than those in Fe,O; with a 3D structure.

On the other hand, Fig. 2(c) shows that the density of the
distances to the nearest-neighbour cation (assigned as Fe-Fe
distances) of Fe®' in HNS-1DFe is smaller than that in o-Fe,O;.
This indicates that the number of surrounding ions is relatively
small in the case of Fe’" in HNS-1DFe. This observation is in
agreement with the structural low dimensionality of the iron
oxide matrix in HNS-1DFe.

From these data, we consider that the magnetic low dimen-
sionality of HNS-1DFe is strongly correlated with the structural
uniqueness of the 1D iron oxide matrix.

4.2. Quasi-1D structure of iron oxide

The preceding section argues for the structural uniqueness of
the 1D iron oxide matrix in HNS-1DFe. In general, a 1D network
is assumed to be a continuous straight chain structure, and
thus of the term ‘““chain” is used to describe the 1D network for
clarity. However, some experimental data of HNS-1DFe indicate
the contribution of J' to overall 1D magnetism. This requires
further structural verification for the 1D network of Fe** and
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Fig. 5 Simplified model of the 1D iron oxide structure in HNS-1DFe. (a)
Continuous straight chain model. (b) Modified model with FezO, composition.

0%". Therefore, this section examines the structure of the 1D
network.

The simplest structural model for the 1D iron oxide is a
continuous straight chain (see the illustration in Fig. 5(a)).
However, Fig. 2(c) indicates that the average distance between
Fe’* and O is about 1.55 A. Then, the average distance
between Fe®" and Fe®* is about 2.8 A. Therefore, if one calcu-
lates a bond angle of Fe-O-Fe bonds, it is about 129°. This
indicates that the 1D iron oxide in HNS-1DFe is not a straight
chain like that shown in Fig. 5(a) but instead has at least a
zigzag structure. Additionally, the chemical composition of
HNS-1DFe would be expected to be Fe,O,(C,H,0,), in the case
of a simple continuous chain. However, the oxygen content of
the 1D iron oxide in HNS-1DFe is calculated as 4.77, which is
considered smaller than expected. The oxygen content was not
directly measured, and thus the accuracy is limited. There is the
possibility that the residual oxygen content is 7 if we measured
it exactly. However, further evidence for a residual oxygen
content of 4.7 comes from considering the isolated 1D iron
oxides in the inorganic-organic hybrid structure. For example,
atomic ordering as shown in Fig. 5(b) may generate quasi-1D
iron oxide with some magnetic frustration, and the chemical
composition becomes Fe;0,. The chemical composition of
Fe;0, can correspond to Fe,O, ; if the Fe content is calculated
as 7, taking into account Fe,0,,,(C,H,0,)s as the minimum
chemical composition of HNS-1DFe. This possibility is there-
fore also reasonable for explaining the origin of the phase
transition phenomenon at 7¢ &~ 21 K, since the quasi-1D iron
oxide structure is expected to be more rigid than a simple
chain. Fig. 5(b) is a 2D image drawn with 120° of Fe-O-Fe
bonds, and HNS-1DFe involves organic molecules of EG in the
hybrid structure; therefore, the real crystal structure is consid-
ered more complex. However, this speculation implies the
possibility that the 1D iron oxides in HNS-1DFe form a quasi-
1D structure rather than simple zigzag chains.

5. Summary

This investigation reports the discovery of HNS-1DFe as a novel
hybrid nanosheet. Interestingly, the spin system of this mate-
rial shows quasi-1D magnetism. This characteristic property
was carefully verified through several experiments performed
independently, and the obtained results were all consistent
with the proposed structural model.

Notably, the results indicate that the iron oxide matrix in
HNS-1DFe has the potential to give rise to a phase-transition
phenomenon, since its quasi-1D structure is expected to be
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more rigid than a simple 1D straight chain. Transition-metal
oxides are widely known as effective platforms for investigating
novel functional materials. Therefore, the rigid structure of iron
oxide in HNS-1DFe is expected to pave the way for tailoring low-
dimensional functional properties. HNS-1DFe is a hybrid nano-
material, and the hybrid nanomaterial has an advantage for
controlling the overall structure by arranging the organic
molecules. The potential for tailoring novel functional devices
using this nanosheet warrants a future detailed investigation of
HNS-1DFe.
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