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Abstract: Two-dimensional (2D) magnetic material with dimerized honeycomb lattice can be 

treated as a mixed-spin square lattice where quantum phase transition may occur to realize the 

exotic Bose-Einstein condensation of magnons at reachable experimental conditions. However, 

this was not successed in previously reported cases with half-integer spin centers. Herein we 

realize a spin integer (S = 2) dimerized honeycomb lattice in an iron(II)-azido compound [Fe(4-

etpy)2(N3)2]n (FEN, 4-etpy = 4-ethylpyridine). Morphology characterization by TEM, SEM and 

AFM spectroscopies shows the thinnest place of the sample is ca. 13 nm, which equals to ten 

layers of the compound. In contrast to the common LRMO behavior magnetic, Mössbauer and 

polarized neutron scattering spectroscopy studies reveal that FEN exhibits a reentrant spin-glass 

behavior owing to the competing ferro- and antiferro-magnetic exchange-coupling interactions 

within the lattice. The two spin glass phases with disparate canting angles are characterized at 

39 K and 28 K, respectively. By using the Curély’s model we are able to simulate the two 

exchange-coupling constants (J1 = +35.8 cm-1 and J2 = -3.7 cm-1). This predicts a Curie 

temperature of 53.9 K by mean field approximation. Moreover, a very large coercive field of 

ca. 1.9 Tesla is observed for FEN at 2 K, making it a "very hard" van der Waals 2D magnetic 

material. 
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1. Introduction 

Since the isolation of graphene in 2004,[1, 2] developments in two-dimensional (2D) materials 

have arisen on many fronts and have seen the emergence of numerous properties associated 

with electron mobility, mechanical strain and optical properties.[3-7] In contrast, the realization 

of 2D magnetism remains challenging although it has long been investigated in theory.[8] 

Experimentally, only a few examples approach this goal thus far, such as CrI3
[4], MoS2

[9], 

FePS3
[10], [CrCl2(pyrazine)2][11], [Fe(bimCl)3][12], Cr2Ge2Te6

[13], VSe2
[14] and MnSe2

[15]. The 

main obstacle lies at the readily induced 3D long-range magnetic ordering (LRMO) between 

the layers by either exchange-coupling interaction through chemical bonds or dipole-dipole 

interaction through space. [16-18] 

On the other hand, the design of specific topology in 2D material with spin frustrated feature 

is also fundamentally interesting. There are eleven Archimedean 2D lattices which are 

conceived to show quantum fluctuation down to zero Kelvin due to the antiferromagnetically 

coupled spins.[19] Many spin-frustrated lattices are based on the hexagons by further sharing 

triangles to form the famous Kagomé lattice or other hexgons to form the honeycomb lattice. 

In theory, the honeycomb lattice has been studied using the spin-1/2 Heisenberg 

antiferromagnetic model, all predicting that the ground state is a semi-classical Néel-ordered 

state but with small magnetic fluctuation.[20-23] For real compounds , such as BaM2(XO4)2 (M 

= Co, Ni; X = P, As),[24] the quantum fluctuation is however, observed. More exotic behavior, 

such as ‘cooperative paramagnetism’ in -MnO2 where the spins freeze with respect to 

dynamics is also reported.[25-27] The latter is actually in accordance with the fact that the 

coordination number z = 3 in honeycomb lattice is the smallest in 2D coordination number, 

which makes it possible to have larger degree of quantum fluctuations.[28]  
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     It is however very challenging to prepare compounds with ideal honeycomb lattice. Many 

reported compounds show distortions.[29-32] One of the noticable distortions is the unequal 

distance within the lattice, which makes two edges of the haxagon shortened. Such a lattice can 

be called as a dimerized honeycomb lattice.[33, 34] If the dimerized spins are treated as one larger 

spin state this can also lead to a square lattice with mixed spins and provide a model system for 

studying quantum phase transitions. [35, 36] In particular, a famous magnetic insulator TlCuCl3 

with Cu2+ dimers forming square lattice is shown to realize Bose-Einstein condensation of 

magnons.[36, 37] However, for dimerized honeycomb lattice, there are only two reported cases 

with half-integer spin centers,[29-32] and no integer spin centers are studied. One of the reasons 

is that in the preparation of the interger spin dimerized honeycomb lattice, especially for spin-

2, air-sensitive metal ions, such as iron(II), are required. 

We show here that the 4-ethylpyridine (4-etpy) ligand can overcome this difficulty when 

reacting with iron(II) and azide salts. Its pyridyl part bearing a pair of lone electron can 

coordinate to the in-plane metal ions, while its aliphatic ethyl chain is compartible with organic 

solvents and can separate the layers with only van der Waals forces. Such a sandwich type 

structure is also protective for air-sentitive metal ions. The formed material is formulated as 

[Fe(4-etpy)2(N3)2]n (FEN), which features a dimerized spin-2 honeycomb lattice due to the 

alternating 1,1-end-on (EO) and 1,3-end-to-end (EE) azido bridges and exhibits disparate 

magnetic behavior compared to its odd spin counterparts. Magnetic, Mössbauer and polarized 

neutron scattering spectroscopy studies reveal that below 39 K FEN displays the reentrant spin 

glass transition due to the reorientation of the canted spins. Moreover, a large coercive field of 

ca. 1.9 Tesla is recorded at 2 K, which makes FEN a "very hard" 2D van der Waals magnet. 

2. Results and discussion 
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2.1. Crystallography down to 20 K 

X-ray crystallographic data measured at 150 K and 20 K reveal that FEN crystallizes in the 

monoclinic space group P21/c (Figure 1, Figure S1 and Table S1). Each Fe(II) site is situated 

in a pseudoctahedral coordination environment with Fe-N bond distances of ~ 2.2 Å (Table S2), 

consistent with the high spin Fe(II) ions. The azido bridges exhibit two coordination modes: i) 

EO mode in the centrosymmetric [Fe2] unit, ii) EE mode between the [Fe2] units; thus forming 

a neutral 2D layer. The dimerized Fe-Fe distance is 3.462(3) Å, while the averaged Fe-Fe 

distance between the dimers is 6.040(3) Å. The two EE azido bridges are not centrosymmetric-

related, and the dihedral angle between two neighboring [Fe2] units is 83.25(8)°. The minimum 

interlayer Fe-Fe distance is 13.2 Å, indicating the thickness of a single layer of FEN is ca. 1.3 

nm. No interlayer π-π stacking interactions or hydrogen bonds are found, indicating that the 

layers are stacked by van der Waals force only. To further investigate the temperature-

dependent structural transitions we determined the X-ray single-crystal structure down to 20 K 

and found similar crystallopraphic parameters (Table S1 and S2), which indicates that the 

structure of FEN remains unchanged down to 20 K. 

2.1. Layered morphology 

Scanning electron microscope (SEM) and transmission electron microscopy (TEM) were 

used to investigate the morphology of the FEN sample. A close-up view on the powder samples 

with SEM study evidences the layered structure of FEN as the stacking of multiple layers 

(Figure 2a and 2b), the purity of which was confirmed by powder X-ray diffraction (Figure. 

S2). However, the observation of clear edges of layers is hard for the highly aggregated powder 

samples. Thus we disperse the sample with methanol, and dropped it onto a silicon nitride 

membrane for high resolution TEM measurement. Figure 2c shows well-defined irregular 
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layers, which is consistent with the SEM analysis. Zooming in these layers (Figure 2d-2f) gives 

a typical size of ca. 40 nm for the width of the edges.  

However, the thickness of such layer is unknown. Hence, atomic force microscopy (AFM) 

was used to determine the thickness of these flakes (Figure 3). By spinning the diluted methanol 

solution of these flakes an ultra- thin and flat film of FEN is deposited onto a silicon wafer 

substrate. The topological and height analyses for AFM images show the thinnest place of the 

is about 13 nm, which amounts to ca. ten layers of FEN sheets as the thickness of a single-layer 

of FEN was determined to be 1.3 nm. 

2.2. Magnetic properties 

Dc magnetic susceptibility measurements for FEN are conducted within the temperature 

range of 2–300 K under various fields (Figure 4a and S3). The effective magnetic moment 

(ueff) is 5.45 ߤ஻  at 300 K, consistent with the high spin state (S = 2) for the Fe(II) ion with 

substantial orbital contribution. Upon cooling, the χT product decreases gradually before up 

rising sharply up to 28 K. There is a “shoulder” appears at 39 K, indicating a phase transition. 

In the structure of FEN, there are no inversion centres between the dimers linked by single EE-

N3 ligands, compatible with the onset of spin canting by Dzyaloshinskii-Moriya (DM) 

interaction.38-39 In addition, the magnetic anisotropy of single Fe(II) ions also contribute to the 

spin-canting behaviour.40-41 Ab initio calculations show a large positive D value (14.3 cm-1) and 

a well-separated g-tensers (gx = 1.98, gy = 2.36, gz = 2.53), indicating the magnetic anisotropy 

is of easy-plane type. By analysing the d-orbital diagram (Figure S10), we can see the 

anisotropic axis of the Fe(II) ion is pointing directly to one of the  EE mode azido bridges.  

There are two different in-plane magnetic interactions, denoted as J1 and J2 (see Figure 4a), 

namely representing the couplings within and between the [Fe2] units. This forms a dimerized 
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spin-2 honeycomb lattice, which can be fitted by the Curély’s model[42] based on the following 

Hamiltonian, 

 

ܪ ൌ െܬଵ ∑ ௜ܵ,௝ ௜ܵାଵ,௝௜,௝ሺ௢ௗௗሻ െ ଶܬ ∑ ௜ܵ,௝ ௜ܵ,௝ାଵ௜,௝                                                                

(1) 

 

which gives the susceptibility as:  

 

߯ ൌ
ଵ

଺௞ಳ்

ሺ௚భమା௚మమሻ௪భାଶ௚భ௚మ௪మ

ሺଵି௨మ௩మሻሺଵି௩మሻ
                                                                                            (2) 

 

where ݓଵ ൌ ሺ1 ൅ ሻଶሺ1ݒݑ ൅ ଶሻݒ ଶݓ ; ൌ ሺ1ݒ2 ൅ ሻଶݒݑ ൅ ሺ1ݑ െ ଶሻଶݒ ; g1 and g2 are Landé 

factors; kB is the Boltzmann constant; u and v are Langevin functions and the coupling constants 

(J1 and J2) are multiplied by a normalization factor S(S+1) in a classical way.[43] The best fit for 

the data in the temperature range of 40 to 300 K yields J1 = +35.8 cm-1, J2 = -3.7 cm-1 and g1 = 

g2 = 2.36 with R = 6.2×10-6, where R = Σ(χobs−χcalc)2 /Σ(χobs)2. The obtained J values indicate 

alternating ferromagnetic and antiferromagnetic couplings within the lattice.[44]  

To characterize the low-temperature abrupt rise in the temperature-dependent susceptibility 

data, the field-cooled (FC) and zero-field-cooled (ZFC) magnetization measurements are 

performed under different fields (Figure 4b). At all the fields measured, the FC magnetization 

increases rapidly below 39 K and rises to a peak point at about 28 K. This is consistent with the 

previous χT vs. T plot.  

Both in-phase (') and out-of-phase ('') components of the ac susceptibility data exhibit 

sharp and frequency-dependent maxima at about 39 K. There is another frequency-dependent 
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peak for '(T) appearing at around 28 K, followed by a broad, frequency dependent hump (see 

the inset of Figure 5a) at about 25 K. The ''(T) shows only frequency dependent humps at 

about 25 K, but no peaks at about 28 K. As the applied ac frequency increases, the hump at 

around 25 K shifts to higher temperatures, which is often taken as a sign of either a spin glass 

or a superparamagnetic behavior. A convenient way to understand the nature of the spin-glass-

freezing process lies in the examination of relative shift K of the peak temperature per decade 

frequency using the following expression, 

 

ܭ ൌ	
୼்೑

்೑୼୪୭୥భబሺ௙ሻ
                                                                                                    (3)  

 

where Tf is the freezing temperature and f is the driving frequency. Experimentally Tf is 

commonly determined from the maximum of ', while in this case the inflection point of '' is 

used because the hump at around 25 K in '(T) is not clear. Both methods have been widely 

used to extract Tf in spin glass systems and give comparable results in dynamic scaling 

analysis.[47] The calculated K value of 0.01 is in good agreement with the reported values for 

canonical spin glasses, precluding the superparamagnetic category.[48] 

Another characteristic of spin glasses is the dynamical slowing down of the spin fluctuations 

on approaching the spin glass transition temperature Tg from above. The maximum relaxation 

time τm and Tf obeys the following power-law relation,[48]  

߬௠ ൌ ߬଴ሺ
݂ܶ
ܶg
െ 1ሻି௭௩                                                                                                           (4)	 
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where τm = (2πf)-1, τ0 is the relaxation time of individual particle magnetic moment, z is dynamic 

critical exponent, and v is the critical exponent of the correlation length ξ = (Tf/Tg − 1)−v. Eq. 

(3) can be rewritten as  

 

logଵ଴߬௠ ൌ logଵ଴߬଴ െ logଵ଴ሺݒݖ
݂ܶ
ܶg
െ 1ሻ                                                                                 (5) 

 

The least-square fit of the data by Equation (4) yields a spin-glass transition temperature Tg = 

22.2(1.0) K. In the inset of Figure 5a, we plot log10(τm) versus log10(Tf/Tg − 1), which shows a 

linear behavior. The straight line fit gives τ0 = 10-11.4(3) s and zν = 9.2(3). The value of relaxation 

time τ0 = 10-11.4(3) s locates in the characteristic range, 10-10-10-13 s, usually derived for canonical 

spin glass. The value of zv holds good in the range between 4 and 12 found in the spin glass 

materials.[48-50] Therefore the dynamical scaling parameters are in accordance with spin glass 

state formation at low temperatures for FEN.  

Magnetic bistability is observed in all magnetization versus field scans below 40 K (Figure 

5b, S5 and S6). FEN behaves like a “hard magnet” with a large coercive field of 1.9 T at 2 K. 

This coercive field of FEN is much larger compared to 2D magnets,[12-18] indicating the 

potential interactions between the layers.  

Field-dependent isothermal magnetizations at 39 K and 28 K increase slowly and linearly at 

high field region, and the values of 0.88 and 0.99 µB at 7 T are far from saturation (Figure S4). 

These features are consistent with the spin canting behavior. Taking the two ferromagnetically 

coupled Fe(II) ions as one node (as verified with polarized neutron scattering method in the 

next section), the canting angles for FEN at 39 K and 28 K are estimated to be 2.8° and 6.2°, 

respectively. As shown in Figure 6, we propose the spin canting topology maps at 39 K (a) and 
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28 K (b). At high temperatures up to at least 100 K, the nearest Fe(II) moments are 

ferromagnetically coupled, while the intra-layer orientations of the ferromagnetic spin pairs are 

random. Upon cooling, the first spin canting phase appears at T = 39 K owing to the magnetic 

anisotropy. All the in-plane spins are orientated with respect to the topology of the 

ferromagnetic interactions in one direction and the antiferromagnetic interactions in the other. 

When the temperature is further lowed, the spin re-orientation occurs, leading to a more stable 

canting angle below 28 K. As also obtained from ab initio calculations, the direction of the 

ground state magnetic moment on each Fe(II) site is equal to this most stable spin canting angle, 

confirming the stabilizing of such spin orientations at low temperature. 

2.3. 57Fe Mössbauer spectroscopy 

FEN was characterized by 57Fe Mössbauer spectroscopy[51] between 14 and 45 K. The 

spectra of the whole temperature range can be fitted with doublets (above 30 K) and sextets 

(below 25 K), see the solid lines in Figure 7 and the corresponding parameters in Table S3. At 

45 K, the spectrum consists of a quadrupole doublet broadened by paramagnetic relaxation and 

characterized by an isomer shift of δ = 1.198 mm·s-1, a quadrupole splitting of ∆ܧொ ൌ 2.695 

mm·s-1, which is consistent with the high spin Fe(II) centers[52]. In the whole temperature range 

of measurement, the doublets are well developed above 30 K while the presence of closely 

connected asymmetric sextets occur upon cooling below 25 K, which may indicate the long- or 

short magnetic ordering or slow relaxation on Mössbauer timescale.[52] 

2.4. Polarized Neutron Scattering Analyses 

In order to further investigate the nature of magnetism in FEN from a microscopic point 

of view, we performed diffuse neutron scattering with polarization analysis. In the xyz-

polarization analysis, the spin-flip (SF) and non-spin-flip (NSF) differential cross sections are 
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measured for an xyz-polarized incident beam, giving a total of six partial cross sections, labeled 

( )
SFd / dΩσ x,y,z

  and 
( )
NSFd / dΩσ x,y,z

 . The differential magnetic cross section can be extracted from 

either 

 

ୢ஢౉౗ౝ

ୢஐ
ൌ 2ሺ

ୢ஢౏ూ
౮

ୢஐ
൅

ୢ஢౏ూ
౯

ୢஐ
െ 2

ୢ஢౏ూ
౰

ୢஐ
ሻ                                                                                      (6)  

 

or 

 

ୢ஢౉౗ౝ

ୢஐ
ൌ 2ሺ2

ୢ஢ొ౏ూ
౰

ୢஐ
െ

ୢ஢ొ౏ూ
౮

ୢஐ
െ

ୢ஢ొ౏ూ
౯

ୢஐ
ሻ                                                                    (7) 

 

These two expressions correspond to independent measurements, and the magnetic differential 

cross section is taken as their average to reduce systematic errors.[53]  

When a polarized neutron beam passes through an unsaturated ferro/ferri-magnetic material, 

the state of polarization P is changed due to the Larmor precession of the neutron spins in the 

magnetic field of magnetic domains. The reduction of P of a polarized neutron beam after 

transmission through a magnetic material is known as neutron depolarization. The polarization 

P can be expressed as 

 

ܲ ൌ
ூಿೄಷିூೄಷ
ூಿೄಷାூೄಷ

ൌ
ோିଵ

ோାଵ
                                                                                                              (8) 
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where INSF and ISF are the diffracted intensities measured with the neutron flipper turned off 

(NSF) and on (SF), respectively. R = INSF/ISF is called the flipping ratio and is a measurable 

parameter in a neutron scattering experiment. It is obvious that neutron depolarization will 

cause a decrease in R. Experimentally, we determined the flipping ratio R by measuring the 

count rates INSF and ISF at the peak of the strongest Bragg reflection (100) at Q = 0.49 Å-1. The 

flipping ratio was measured from 4 to 58 K, in both zero-field-cooled (ZFC) and field-cooled 

(FC) protocols. The temperature dependence of the flipping ratio is plotted in Figure 4b. The 

flipping ratio is constant above 40 K, suggesting that no neutron depolarization occurred due to 

the absence of ferro/ferri-magnetic contribution. When the temperature decreases from 40 K, 

two drops, especially in the FC curve, can be seen at 39 K and 28 K. As shown in Figure 4b, 

these drops in the flipping ratio correspond to the sharp changes observed in the magnetic 

susceptibility and mark the onset of the in-plane ferromagnetic contributions. The flipping ratio 

decreases gradually on cooling from 39 to 28 K, suggesting that the in-plane spin reorientation 

happens gradually, not suddenly. Below 28 K the flipping ratio falls rapidly to about 2.4 in the 

ZFC curve. This means the incident neutron spins are only partially depolarized, precluding the 

emergence of macroscopic ferromagnetic domains. Therefore the temperature dependence of 

the flipping ratio suggests that, the in-plane ferromagnetic contribution (spin canting) results in 

the steep decrease of the flipping ratio at 39 and 28 K, respectively.  

The measurement with xyz-polarization method on DNS was performed at 3.3, 43 and 100 

K. The total neutron scattering intensity before separation is shown as a function of Q in Figure 

8. The scattering profiles and intensities measured at different temperatures are nearly identical. 

The difference profile obtained by subtracting the scattering intensity for 43 K from the one for 
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3.3 K is depicted in Figure S7, from which we can conclude that the peaks located at 28 and 39 

K in ac susceptibility can be attributed to the in-plane spin canting and re-orientation in FEN. 

In order to further verify this point, the temperature-dependence of the peak intensity of the 

strongest Bragg reflection (110) was measured and plotted in Figure S8. The slow decrease of 

the peak intensity with increasing temperature is due to the increasing thermal vibrational 

amplitude of atoms, namely a normal Debye-Waller behavior. There is no sharp increase when 

the temperature crosses 28 and 39 K from above, in accordance with the spin glass behavior. 

The magnetic neutron scattering intensities for 43 and 100 K were extracted by means of 

polarization analysis, as shown in Figure S9. The signal is noisy because the background of the 

spin-incoherent scattering from hydrogen atoms is high. But the upturn at low Q is obvious, 

indicative of ferromagnetic short-range correlations. The analysis of the spin correlations starts 

with the differential magnetic scattering cross section of spin pairs, which is powder-averaged 

and can be expressed as [54-55] 

 

dσ୫ୟ୥
dΩ

ൌ
2
3
ܵሺܵ ൅ 1ሻሺ

ଶ݁ߛ

݉ܿଶ
ሻଶ݂ଶሺܳሻ 

൅ሺఊ௘
మ

௠௖మ
ሻଶ݂ଶሺܳሻ∑ ሾܽ௡

௦௜௡ொ௥೙
ொ௥೙

൅ ܾ௡ሺ
௦௜௡ொ௥೙
ொయ௥య೙

െ ௖௢௦ொ௥೙
ொమ௥మ೙

ሻሿ௡                                           (9) 

 

where (γe2/mc2) = -0.54×10-12 cm is the magnetic scattering length, S = 2 is the spin quantum 

number of Fe2+ ions, f(Q) is the magnetic scattering form factor, rn is the distance between two 

magnetic ions, and an and bn are related to the probability of finding spin pairs with parallel 

components and are given by [55] 



     
 
 
 

14 
 

 
 
 

 

ܽ௡ ൌ ܵሺܵ ൅ 1ሻ݊݅ݏଶߠ  

ܾ௡ ൌ ܵሺܵ ൅ 1ሻሺ2ܿݏ݋ଶߠ െ   ሻ                                                                                                                                       (10)ߠଶ݊݅ݏ

 

θ is the azimuth angle between the directions of magnetic moments and their connecting line. 

As mentioned in the analysis of the dc susceptibility data, the intra-dimer magnetic interaction 

is ferromagnetic and is much stronger than the inter-dimer one. Hence the calculation of short-

range spin correlations is carried out for a single dimer with two spins in parallel. an and bn are 

integrated over the azimuth angle θ from 0 to 2π to cover the in-plane rotation of the spin dimer. 

The calculated spin correlations of the Fe2+ spin dimers in FEN is shown as the blue line in 

Figure S9, in agreement with the experimental data measured at 43 and 100 K. Therefore the 

magnetic scattering intensities can be explained by the ferromagnetic spin dimers in FEN. It 

can also be learned that the intra-dimer coupling is quite strong since the short-range spin 

correlations still exist at 100 K. 

From the above analysis with magnetic susceptibility and polarized neutron scattering 

methods, the emergence of significant ferromagnetic contribution at 39 and 28 K is believed to 

originate from the collective in-plane canting of Fe(II) spin pairs. Upon further cooling below 

28 K, FEN shows a spin-glass behavior, whose dynamic scaling parameters are in agreement 

with those of canonical spin glasses. However, taking in account of the partial magnetic order 

at 28 and 39 K, we attribute this spin-glass behavior to a reentrant spin-glass-like (RSG-like) 

transition owing to the freezing of spin components transverse to the mean magnetization.[56] 

Such reentrance behavior has been found in many magnetic systems with a strong 
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ferromagnetic nearest-neighbor coupling and a weaker antiferromagnetic next-nearest-neighbor 

coupling.[57] Our polarized neutron scattering study on FEN clearly shows that a RSG-like phase 

may co-exist with magnetic orders as what has often been reported.[58-59]  

2.6. Electronic Band Structures and Estimation of Curie temperature 

We further investigate the electronic properties of FEN using first-principles calculations 

with the CASTEP program integrated in the Materials Studio platform. First, the X-ray crystal 

structure was fully optimized, which does not change lattice parameters, bond lengths and 

angles of FEN much. Figure S11 displays our calculated energy band structures and partial 

density of states (PDOS) for FEN. It is clear that the monolayer of FEN shows semiconducting 

properties with a narrow band gap of 0.412 eV. Since the bridges between Fe(II) sites are all 

N3- ligands, a strong orbital overlap between Fe and N can be estimated, indicating the effective 

charge transfer through the Fe−N bonds. The calculated Curie temperature (Tc) by using mean 

field approximation is 53.9 K, which is a bit higher than our experimental result due to the lack 

of considering the magnetic anisotropy from Fe(II) ions. This equals to 2/3 energy gap between 

the ground and the first excited state, which is the energy changing by magnetic moment 

reversal of one Fe(II) site.[60-62]  

3. Conclusion 

In summary, we realized a dimerized honeycomb lattice with integer spins (S = 2) in a 

compound FEN by using the metal-organic synthetic approach. TEM, SEM and AFM analyses 

show the mophology of the sample is also layered and the thinnest place comprises only ten 

layers. Magnetic, Mössbauer and polarized neutron scattering spectroscopy studies reveal an 

reentrant spin glass behavior with two spin canting phases occurring at T = 39 and T = 28 K, 

owing to the competing intra-layer ferro- and antiferro-magnetic exchange-coupling 
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interactions. Morevoer, a large coercive field of ca. 1.9 Tesla is recorded at 2 K, which makes 

FEN a "very hard"  van der Waals magnet. As 2D topologically-frustrated magnets largely 

remain unexplored in addition to optimise the geometry by chemical means future work will 

endeavor to reduce the number of material layers. By doing so, the authentic 2D property of the 

magnetic material may be revealed. 

4. Experimental Section/Methods  

Materials. All chemicals were commercially available and were used as received. All the 

solvents were dehydrated and deoxygenated by Solvent Purification Systems prior to use. All 

manipulations were performed under a dry and oxygen-free argon atmosphere by using Schlenk 

techniques or in a glovebox. Caution: Although no such behavior was observed during the 

present work, azido salts are potentially explosive and should be handled with care. 

Preparation of [Fe(4-etpy)2(N3)2]n. Compound was prepared under an insert Ar2 atmosphere 

by the subcomponent reaction of FeCl2, 4-Ethylpyridine and NaN3 in methanol. 4-Ethylpyridine 

(108 mg, 1 mmol) was added to a methanolic solution containing anhydrous FeCl2 (63 mg, 0.5 

mmol) and NaN3 (65 mg, 1 mmol). The reaction was carried out under continuous stirring for 

6 h at room temperature followed by filtering through Celite. Yellow plate crystals suitable for 

X-ray diffraction were obtained by cooling the filtrate at 0 °C (76 mg, ca. 43 % yield, based on 

Fe). 

X-Ray crystallography data. Crystal data of FEN at 150 K were collected on a Bruker Apex 

CCD area-detector diffractometer using Mo Kα (λ = 0.71073 Å) radiation. Absorption 

corrections were applied using the multi-scan program SADABS.[63] The structures were solved 

using direct methods and refined with a full-matrix least-squares technique using SHELXTL 

programpackage.[64] Anisotropic thermal parameters were assigned to all non-hydrogen atoms. 
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The hydrogen atoms were generated geometrically. Data collection and structural refinement 

parameters are given in Table S1 and selected bond distances and angles are given in Table S2. 

Crystal data of FEN at 20 K were collected at High Energy Accelerator Research Organization 

(KEK) in Japan. The alert PLAT029_ALERT_3_A mentioned in checkcif_20K.pdf is due to 

the experiments using the KEK synchrotron. The detector is cylindrical and therefore has a 

huge diffraction angle range but can only rotate the crystal along one axis. Therefore all possible 

reflections cannot be obtained. CCDC-1418339 contains the crystallographic data that can be 

obtained via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge 

Crystallographic Data Centre, 12, Union Road, Cambridge CB21EZ, UK; fax: (+44) 1223-336-

033; or deposit@ccdc.cam.ac.uk). The Powder X-ray diffraction (PXRD) measurements were 

recorded on a Rigaku Smartlab X-ray diffractometer and the experimental patterns matched the 

simulated one well, confirming the purity of the sample.  

Morphology charaterizations. SEM analysis was carried out on gold sprayed powder 

samples using a HITACHI SU6600 field-emission scanning electron microscope with an 

accelerating voltage of 5 kV. TEM analysis with solution dispersed sample was carried out on 

a FEG JEOL 2100F transmission electron microscope operating at 200 kV. AFM analysis was 

carried out on a NT-MDT Sover Next atomic force microscopy with solution dispersed sample. 

The solution dispersed samples for TEM and AFM measurements are prepared by dispersing a 

small amount of samples into methanol, then the solution was dropped onto silicon nitride 

membrane for TEM measurement and clean silicon wafer with spinning, forming a ultra- thin 

and flat layer for AFM measurement. All these operations were done inside the glovebox before 

the samples were transferred for either SEM, TEM or AFM measurement. 

Magnetic properties. Magnetic susceptibility measurements on polycrystalline samples of 
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FEN were carried out on a Quantum Design MPMS-XL7 SQUID and MPMS-SQUIDVSM-

094 magnetometer. Direct-current (dc) susceptibility measurements were performed in the 

temperature range 2−300 K under dc fields of 50−5000 Oe. Dc magnetization curves were 

measured in the temperature range 2−41 K under dc fields up to 7 T. Alternating-current (ac) 

susceptibility measurements were carried out at frequencies between 1 and 1500 Hz with an ac 

field of 3.5 Oe. Diamagnetic corrections were calculated from Pascal constants and applied to 

all the constituent atoms and sample holder.  

Polarized neutron scattering measurements. Diffuse neutron scattering with polarization 

analysis was performed on the cold neutron time-of-flight spectrometer DNS[65] at Heinz Maier-

Leibnitz Zentrum in Garching, Germany. The wavelength of the incident neutrons was 4.2 Å, 

allowing an accessible range of the scattering vector Q to be from 0.3 to 2.7 Å-1. About 4 grams 

of powder sample were sealed in a cylindrical aluminium container under helium atmosphere 

and mounted in a 4He close-cycle cryostat. The investigated temperature range was from 3.3 to 

100 K.  Within the quasistatic approximation, the nuclear coherent, spin-incoherent, and 

magnetic scattering intensities can be separated simultaneously with the xyz-polarization 

method in the spin-flip (SF) and non-spin-flip (NSF) channels.[66] 

Theoretical calculations. Ab initio calculations, using state-average Complete-Active-Space-

Self-Consistent Field (SA)-CASSCF and N-electron valence perturbation theory to second 

order (NEVPT2), were performed using the ORCA 4.0 computational package.[67] The active 

space was composed of 6 metal 3d electrons and 5 3d orbitals [CAS (6, 5)], with 5 state for 

quintet state and 35 for triplet states, as has been used by many works.[68] The spin-orbit 

coupling based mean field approximation (SOMF) was used in this system. The basis sets for 

iron and coordinated nitrogen atoms was polarized triple-ζ-quality basis set (def2-TZVP), while 
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the smaller basis set (def2-SVP) was used for the other remote atoms.[69-70] Meanwhile, we also 

considered the scalar relativistic effects by including a standard second-order Douglas-Kroll-

Hess (DKH2)[71-72] for iron (III) center and the auxiliary basis set def2/J was used in conjunction 

with the resolution of identity approximation. The structure of computed model is taken from a 

fragment of the X-ray experimental crystal structure of FEN with only one Fe(II) ion taken into 

account and others replaced by diamagnetic Zn(II) ion. Moreover tight SCF convergence 

criteria was used to maintain the calculation accuracy. The Cambridge Sequential Total Energy 

Package (CASTEP) program within the Materials Studio was used to calculate the electronic 

band structures and the densities of the states (DOSs). Before the calculation, geometric 

optimization was carried out until the high convergence accuracy meets. The exchange-

correlation energy was calculated using Perdew-Burke-Ernzerhof (PBE) modification to the 

generalized gradient approximation (GGA). The convergence threshold for the self-consistent 

field was 1 × 10-6 eV/atom. The Brillouin zone has been sampled with a highly converged 

(0.015 /Å) set of k points, using grids up to (2 × 2 × 2) points according to the Monkhorst Pack 

scheme. 
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Figures  
 
 

 

Figure 1. The asymmetric unit (a), 2D dimerized honeycomb structure (b) and interlayer-

packing view (c) of FEN. The dashed line represents the hexagon of the dimerized honeycomb 

lattice. Hydrogen atoms are highlighted in van der Waals mode. 
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Figure 2. SEM images (a, b) of powder FEN sample and TEM images (c-f) taken from the 

methanol dispersed FEN sample. 
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Figure 3. 2D AFM height images (a), profile height counting corresponding to the blue arrow 

(b), topographical AFM image (c) and cross-sectional image (d) for FEN. 
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Figure 4. (a) Temperature dependence of χT obtained at 1000 Oe. The red line corresponds to 

the best fit with Curély’s model. (b) Top: ZFC and FC magnetization versus temperature curves 

of FEN measured with applied fields of 50-50000 Oe; Bottom: Temperature dependence of the 

flipping ratios of the neutron spins measured at the (100) Bragg peak after ZFC and FC 

protocols. The green lines are guides for the eyes. 
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Figure 5. (a) Temperature dependence of the in-phase χ' (top) and out-of-phase χ" (bottom) ac 

susceptibility for FEN under zero dc field. Inset of (a) top: the plot of log10(τm) vs log10(Tf/Tg − 

1). The red line represents the linear fit using Eq. (4). Inset of (a) bottom: enlargement of the χ" 

curves in the temperature range from 20 to 30 K. (b) Hysteresis loops of FEN measured at 2-

40 K. Insert of (b): The enlarged Hysteresis loops of 1 measured at 28, 35 and 40 K. The lines 

are guides for the eyes. 
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Figure 6. Proposed spin configuration of FEN at 39 K (a) and 28 K (b). The arrows represent 

individual moments of Fe(II) centers. 

 

 

 

 



     
 
 
 

31 
 

 
 
 

Figure 7. The Mössbauer spectra of FEN taken at various temperatures. The solid lines are 

the best fits of iron(II) ions. 

 

 

Figure 8. Total neutron scattering intensity measured on DNS at 3.3, 43, and 100 K. 
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high. Please do not use any other dimensions))  
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Table S1. Crystal data and structure refinement for FEN. 

 150(2) K 20(2) K 

Empirical formula C14H18FeN8 C14H18FeN8 

Formula weight/g mol-1 354.21 354.21 

Crystal system monoclinic monoclinic 

Space group P21/c P21/c 

a, Å 14.335(14) 13.9565(12) 

b, Å 8.479(9) 8.434(3) 

c, Å 15.526(16) 15.2198(5) 

α, deg 90 90 

β, deg 116.501(11) 116.387(6) 

γ, deg 90 90 

V, Å3 1689(3) 1604.9(6) 

Z 4 4 

dcal / g cm–3 1.393 1.466 

θ range 1.59–27.86° 3.79-37.03° 

Completeness 98.5% 70.4% 

Residual map, e Å–3 0.306 and –0.359 1.333 and –0.932 

Goodness-of-fit on F2 1.034 1.074 

Final indices [I > 2σ(I)] R1 = 0.0347, wR2 = 0.0879 R1 = 0.0739, wR2 = 0.2321 

R indices (all data) R1 = 0.0555, wR2 = 0.0979 R1 = 0.0777, wR2 = 0.2364 
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Table S2. Selected bond lengths (Å) and angles (deg) for FEN. 
 150(2) K 20(2) K 

Fe(1)-N(1) 2.217(2) 2.205(5) 

Fe(1)-N(2) 2.212(2) 2.202(5) 

Fe(1)-N(3) 2.160(2) 2.132(7) 

Fe(1)-N(5) 2.158(2) 2.138(5) 

Fe(1)-N(6) 2.237(2) 2.195(5) 

Fe(1)-N(6A) 2.199(2) 2.188(4) 

N(1)-Fe(1)-N(2) 174.32(6) 174.07(14) 

N(1)-Fe(1)-N(3) 88.48(10) 89.5(2) 

N(1)-Fe(1)-N(5) 88.35(9) 87.1(2) 

N(1)-Fe(1)-N(6) 92.50(9) 92.23(16) 

N(1)-Fe(1)-N(6a) 93.41(8) 92.33(16) 

N(2)-Fe(1)-N(3) 89.20(10) 88.3(2) 

N(2)-Fe(1)-N(5) 86.95(9) 87.9(2) 

N(2)-Fe(1)-N(6) 90.73(9) 90.99(16) 

N(2)-Fe(1)-N(6A) 91.85(8) 93.20(16) 

N(3)-Fe(1)-N(5) 99.86(12) 101.0(2) 

N(3)-Fe(1)-N(6) 169.45(8) 168.41(18) 

N(3)-Fe(1)-N(6A) 92.05(10) 90.34(18) 

N(5)-Fe(1)-N(6) 90.67(11) 90.54(18) 

N(5)-Fe(1)-N(6A) 168.01(8) 168.63(18) 

N(6)-Fe(1)-N(6A) 77.41(10) 78.13(19) 

Fe(1)- N(6)-Fe(1A) 102.59(10) 101.87(19) 

Symmetry transformations used to generate equivalent atoms: A ─x, ─y+1, ─z; B -x, y-1/2, -z+1/2; C -x, 
y+1/2, -z+1/2 

Table S3. Mossbauer spectral parameters of FEN in the temperature 14 – 45 K. 
 

T / K 
 / ଵߜ

mm/s 
 / ଶߜ

mm/s 
 / ଷߜ

mm/s 
E　 Q1 / 

mm/s 
E　 Q2 / 

mm/s 
E　 Q3 / 

mm/s 
Area1 Area2 Area3 

45K 1.198   2.695      

35K 1.198   2.681      

30K 1.199   2.682      

25K 1.290 1.199 1.132 3.580 2.692 1.720 0.156 0.697 0.147 

20K 1.302 1.200 1.128 3.607 2.689 1.678 0.217 0.609 0.174 

14K 1.296 1.196 1.137 3.914 2.782 1.502 0.425 0.294 0.281 
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Figure S1. The packing diagrams of FEN. Hydrogen atoms at the interface of two layers are 

highlighted in van der Waals mode. 
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Figure S2. The experimental and calculated powder XRD patterns of FEN. 
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Figure S3. χT versus T plots for FEN under different dc fields. The lines are guides to the eyes. 

 

Figure S4. Field dependence of the magnetization at 2-41 K for FEN. The lines are guides 

for the eyes. 
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Figure S5. Hysteresis loops of FEN measured at 2-28 K. The lines are guides for the 

eyes. 
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Figure S6. Hysteresis loops of FEN measured at 30-45 K. The lines are guides for the 

eyes. 

 

Figure S7. The difference pattern obtained by subtracting the scattering intensity for 43 

K from the one for 3.3 K. 
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Figure S8. Temperature dependence of the peak intensity of (110) reflection. 

 

Figure S9. Magnetic scattering intensities measured at 43 (red) and 100 (cyan) K. The 

calculated spin correlation of the ferromagnetic Fe2+ dimers in FEN is shown as the blue line. 
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Figure S10. (a) Calculated electronic structure of the fragment in FEN (green arrow represent 

the direction of magnetic moment on the ground state). Colour codes: Fe, orange; N, blue; Zn, 

pink; C, grey; H: white. (b) – (f) The perspective views of the calculated 3d-orbitals for the 

quintet (S = 2) spin ground state for (b) dx2-y2; (c) dxy; (d) dyz; (e) dxz; (f) dz2. 

 



     
 
 
 

41 
 

 
 
 

 

Figure S11. Calculated energy band structures (left) and projected density of states (PDOS) 

(right) for FEN. 


