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a b s t r a c t 

Organic magnetic semiconductors have aroused much attention for spintronic applications. However, it 

remains challenging to achieve organic semiconductors with strong room-temperature ferromagnetism. 

Here, we report a two-dimensional (2D) tetragonal organic-inorganic ferrimagnetic (FIM) semiconductor 

of Fe14 Se16 (peha)0.7 (peha = pentaethylenehexamine) with excellent thermal stability and a Curie tem- 

perature ( TC ) higher than 519 K. Magnetic and Mössbauer measurements reveal a long-range magnetic 

ordering in single crystalline Fe14 Se16 (peha)0.7 nanosheets. The saturation magnetization and coercivity 

are 5.9 emu g−1 and 0.42 kOe at 5 K, which slightly reduces to 4.6 emu g−1 and ∼0 Oe at 300 K. A direct 

optical bandgap of 2.22 eV is obtained by tuning electronic structure of β-Fe3 Se4 host layers through 

spacer layers consisting of Fe3 + and peha. Electrical and Seebeck coefficient data indicate that the n-type 

semiconductor follows the thermally-activated conduction mechanism (ln ρ ∝ T−1 ) in a range of 130–

300 K with an activation energy ( Ea ) of 62.69 meV. Thermal conductivity is 2.5 W m−1 K−1 at 300 K, 

while the Wiedemann–Franz law is strongly violated according to electrical-thermal transport data due 

to weak incorporation of organic spacer layers and host layers. This study sets the stage for exploiting 

new room-temperature organic magnetic semiconductor systems for spintronic materials. 

© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Magnetic semiconductors have attracted much interest in spin- 

ronic devices for next generation of large-scale integrated electro- 

ircuits [ 1–4 ]. Despite mutual modulations of magnetism, electric- 

ty and optical properties, room-temperature applications of mag- 

etic semiconductors are bottlenecked by working temperatures 

ower than room temperature [ 5 ]. Although rigorous conditions, 

uch as lattice-matched substrates, ultra-high vacuum, MBE or PLD 

evices, are required for the preparation of 2D inorganic magnetic 

emiconductors, in recent years intrinsic room-temperature 2D fer- 

omagnetic (FM) semiconductors show a great prospect for spin- 

ronic devices. The bipolar all-electric control of charge and spin 

as realized in an FM semiconductor Cr Ge Te by adjusting solid- 
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tate gate voltages [ 6 ]. A build-in electric field in a sandwich-like 

tructure B(CN)4 /Cr2 I6 /NH4 significantly enhances the Curie tem- 

erature ( TC ) of CrI3 up to about 105 K [ 7 ], while for Cr2 Te3 flake

 TC increases from 160 K to 280 K as the thickness reduces from 

0.3 nm to 7.1 nm [ 8 ]. First-principles calculations guide to search 

anus crystals as FIM semiconductors with direct band gap and 

C of 1.19 eV and 387 K for Cr2 Br3 S3 and 0.61 eV and 447 K for 

r2 I3 S3 , respectively [ 9 ]. 2D inorganic magnetic semiconductors are 

arely reported on high TC values and excellent oxidation resistance 

xcept CoFe2 O4 [ 10 ]. In comparison, organic-inorganic semiconduc- 

ors with flexibility, low density and well-defined morphology pos- 

ess excellent optical and electrical properties. The band gap and 

xciton binding energy of layered organic-inorganic semiconduc- 

ors are dependent on quantum confinement dominated by the 

umber ( n = 1, 2, 3) of inorganic layers. Compared to the band gap

f ZnSe (2.5 eV) [ 11 ], band gaps of double-layered 2D (Zn2 Se2 )( n -

utylamine) and single-layered 2D (ZnSe)( n -butylamine) are blue 

hifted by 1.0 and 1.6 eV, respectively. Mn-doping induces a strong 
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mission band at 585 nm in (Zn0.85 Mn0.15 Se)(diethylenetriamine)0.5 

anobelts and Mn2 + -Mn2 + magnetic interactions are sensitive to 

he coordination environment [ 12 ]. It suggests that metal ions in 

omplexes can bring ferromagnetism into an organic semiconduc- 

or [ 13 ]. The highest magnetic ordering temperature of Cu-based 

rganic-inorganic hybrid semiconductors is 34 K [ 14–17 ]. In theory, 

 TC was predicted to be 560 K for 2D Cr-pentalene organometallic 

rameworks [ 18 ]. 

Organic semiconductors with a relatively lower thermal con- 

uctivity than inorganic materials endow more unique properties 

nd functionalities for organic spintronic devices [ 19 ]. Utilizing 

rganic-inorganic hybrid magnetic semiconductors to replace FM 

lectrodes may be an efficient way to avoid the mismatched con- 

uctivity between FM electrodes and organic semiconductors that 

imits the spin injection efficiency [ 20 ]. Charge carrier transport in 

onductive systems is always accompanied with charge and heat. 

enerally, the total thermal conductivity ( κ) of a material is a sum 

f electronic thermal ( κel ) and lattice thermal ( κ lat ) conductivities. 

n the diffusive regime, the electronic contribution ( κel ) of ther- 

al conductivity is ruled by the Wiedemann–Franz (W-F) law of 

el = σ L0 T with the Lorenz number L0 = 

π2 

3 (
kB 
e ) 

2 
, a universal con- 

tant, independent of material parameters, where σ is the electri- 

al conductivity, T the absolute temperature and kB the Boltzmann 

onstant. The W-F law is valid in ordinary materials at high and 

ery low temperatures because electron transports are controlled 

y both the charge and the thermal energy, while the W-F law is 

nvalid in complicated systems where a large range of Lorenz num- 

er ( L ) values, a few-fold to 104 -fold increase of L / L0 , were reported

xperimentally [ 21–23 ]. In theory, varied carrier concentration, en- 

rgetic disorder and electric field would lead to a strong violation 

f the W-F law in organic semiconductors [ 21 ]. A correlation be- 

ween the κel , κ lat and σ is crucial for spintronic applications of 

rganic magnetic semiconductors. 

Variable antiferromagnetic (AFM) Fex Se fragments [ 24 ] and 

rganic Fe-amine complexes [ 25–29 ] provided a favorable hybrid 

aterial basis for multifunction and flexible structures. Previ- 

usly, organic-inorganic ( β-Fe3 Se4 )4 [Fe(triethylenetetramine)1.5 ] 

nsulate nanosheets show a ferrimagnetism with Curie tem- 

erature and thermal stability higher than 530 K [ 25 ]. 

Fe 2+ 
2 Fe 3+ 

1 Se 2 −4 ) 
4 
[Fe2+ (tepa ) ]Fe2+ (tepa = tetraethylenepen- 

amine) has a room-temperature saturation magnetization 

 MS ) up to 4 emu/g and a two-dimensional variable range 

opping (VRH) conduction behavior in ∼110–300 K range 

 30 ]. As Fe2 + in spacer layers are replaced by high-spin Fe3 + , 
Fe 2+ 

2 . 5 Fe 3+ 
0 . 5 Se 2 −4 ) 

4 
[Fe3+ (tepa ) ]Fe3+ possesses an enhanced MS value 

f up to 7.2 emu g−1 at 300 K and a record-high TC ( > 560 K)

ue to a 3D long-range AFM interaction of interlayer and in- 

ralayer high-spin Fe3 + and Fe2 + in the hybrid lattice [ 31 ]. When 

 long-range ferrimagnetic order is suppressed by a reduced 

ontent of tepa in spacer layers and a charge transfer gets to 

0.25e−/Fe0.75 Se from organic spacer layer, both the Meissner ef- 

ect and a resistance drop are observed in Fe14 Se16 (tepa)0.8 below 

42 K [ 30 ]. Recently, a 2D organic-inorganic room-temperature 

ultiferroic, Cr(h-fpyz)2 was designed according to a molecular 

rbital-mediated magnetic coupling mechanism and an effect of 

he organic molecule on magnetic coupling type between metal 

ons [ 32 ]. Moreover, potential room-temperature organic-inorganic 

erromagnetic semiconductors are reported in theoretical and 

xperimental studies [ 33–36 ]. Because Fe3 + in complexes are six- 

oordinated, nitrogen atoms in peha molecules would occupy six 

quatorial vertices of octahedral Fe3 + coordination environment. 

 charge transfer between inorganic β-Fe3 Se4 host layers and 

rganic Fe3 + (peha) spacer layers may provide an opportunity to 

une electronic structure to integrate semiconducting properties 

nto an organic-inorganic magnetic material (Fig. S1 in Supplemen- 

ary Information). 2D organic-inorganic magnetic semiconductors 
281
re expected owing to high magnetic ordering temperatures and 

hermal properties for room-temperature applications. 

Here, we report an organic-inorganic room-temperature FIM 

-type semiconductor, Fe14 Se16 (peha)0.7 built by β-Fe3 Se4 su- 

erstructures and spacer layers consisting of iron ions and or- 

anic peha molecules, with a direct Eg of 2.22 eV and an 

a of 62.69 meV. A room-temperature MS of 4.6 emu g−1 

trongly supports the robust room-temperature ferrimagnetism of 

e14 Se16 (peha)0.7 . The tetragonal FIM semiconductor has excellent 

hermal stability up to 519 K and thus its TC should be higher than 

19 K. A pellet of Fe14 Se16 (peha)0.7 shows a low thermal conduc- 

ivity of 2.5 W m−1 K−1 at 300 K, which is only twice of that of 

iO2 , suggesting a potential integration of the organic FIM semi- 

onductor with silicon-based semiconductor materials in future. 

. Experimental 

.1. Materials 

Commercially available reagents including iron acetylacetonate 

Fe(acac)3 , 98 %) and SeO2 (powder, 99.9 %) were purchased 

rom Aladdin reagent company (Shanghai, China). Peha (C10 H28 N6 , 

9.5 %) was purchased from Macklin Company (Shanghai, China), 

hile isopropanol ( ≥99.7 %) and acetone (99.8 %) were purchased 

rom Sinopharm Chemical Reagent Co. Ltd. (Shenyang, China). All 

hemicals were used as received without any further purification. 

.2. Synthesis of Fe14 Se16 (peha)0.7 nanosheets 

In a chemical synthesis, a mixture of 6 mmol (2.119 g) 

15 H21 FeO6 , 8 mmol (0.888 g) SeO2 and 50 mL peha was mixed 

nto a 250 mL four-neck flask. Under an argon flow, the mixture 

as heated to 383 K and held at this temperature for 60 min to 

emove low boiling-point solvents and oxygen. Then, the temper- 

ture was raised to 575 K at a heating rate of 0.06 K min−1 and

aintained at this temperature for 180 min. At room temperature, 

 mixture of 1 mmol C15 H21 FeO6 and 20 mL peha was injected 

nto the reaction system. The mixed reaction solution was heated 

o 383 K at a heating rate of 4 K again and held at this temperature

or 60 min. Finally, the temperature was raised to 453 K at a rate 

f 0.06 K min−1 and maintained at this temperature for 540 min. 

eaction flow for the synthesis of Fe14 Se16 (peha)0.7 nanosheets is 

lotted in Fig. S2. A precipitate was separated by centrifugation 

t room temperature. An inductively coupled plasma (ICP) analy- 

is shows 0.212 mg mL−1 for Fe and 0.224 mg mL−1 for Se left 

n the supernatant, revealing that Fe and Se atoms come from the 

eactants that have been well-reacted to form the precipitate. The 

recipitate was rewashed by a mixture consisting of 30 mL of ace- 

one and 5 mL of isopropanol three times. The dried precipitate 

as kept in a glovebox for characterization. 

.3. Materials characterization 

Powder X-ray diffraction (XRD) pattern was recorded by us- 

ng a D/Max-2400 diffractometer equipped with a Cu Kα radiation 

ource at room temperature at a slow scanning rate of 1 ° min−1 

n 0.01 ° steps. Le Bail refinement of FullProf software was used 

o solve the crystal structure. Fourier transform infrared (FT-IR) 

pectrum was recorded on a Nicolet iN10 MX & iS10 spectrom- 

ter using the KBr pellet technique. Morphology of the product 

as observed by a JSM 6301F and Thermo Scientific Apreo 2C 

eld-emission scanning electron microscopy (FESEM) system. El- 

mental composition of the product was analyzed by Oxford en- 

rgy dispersive X-ray (EDX) and ThermoFisher ICP spectroscopies. 

ransmission electron microscopy (TEM) images and selected area 

lectron diffraction (SAED) patterns were recorded on a Tecnai G2 
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20 microscope operated at an acceleration voltage of 200 kV. 

he specimen was prepared by evaporating a drop of dilute so- 

ution of hybrids dispersed in acetone on an amorphous carbon- 

opper grid. Thermal gravimetric analysis and differential scanning 

alorimetry (DSC) were carried out on a STA60 0 0 thermal analyzer 

ith a heating rate of 10 K min−1 between 300 and 800 K. The 

ruker D8 advance diffractometer with molybdenum (Mo) heater 

as used to obtain in-situ high-temperature XRD patterns between 

00 and 750 K in a vacuum. The Mo heater has been character- 

zed by the peaks at 2 θ = 40.56 ° and 58.61 ° corresponding to 

he (110) and (200) diffraction planes of Mo, respectively. In or- 

er to determine the valence state of Fe, soft Fe L-edge X-ray ab- 

orption (XAS) measurements were performed at BL08U1A of the 

hanghai Synchrotron Radiation Facility (SSRF) in the total electron 

ield (TEY) mode at room temperature. Fe L-edge spectra consist 

f sharp peaks around 709 eV (L3 edge) and 720 eV (L2 edge), re- 

ulting from the spin-orbit splitting of the core levels. The back- 

round vacuum level was 1 × 10−9 Torr. The powder sample was 

asted on a Cu conducting tape, and the angle between the inci- 

ent synchrotron radiation and the tape was 90 °. Scans were col- 

ected in 0.1 eV steps and 700–735 eV energy scale. X-ray photo- 

lectron spectroscopy (XPS) was performed on a Thermo VG ES- 

ALAB250 in order to determine the compositions of Fe ions. 57 Fe 

össbauer spectra were recorded by a conventional constant ac- 

eleration spectrometer operated in a multi-channel scaling mode 

t 5 K. The spectrometer was calibrated by a 25 μm thick natu- 

al abundance α-Fe foil. The isomer shifts were determined rela- 

ive to that of α-Fe. The fitting was performed by the least squares 

ethod in the MossWinn software. 

Optical absorption spectra were recorded on an Ultraviolet- 

isible (UV–vis) spectrophotometer (JASCO-550) in the diffuse re- 

ectance mode with the BaSO4 plate as a reference. Photolumi- 

escence (PL) emission spectra (270 nm excitation) were mea- 

ured by using a fluorescence spectrophotometer (Edinburgh In- 

truments, FLSP-920). The as-synthetic sample was pressed into a 

ellet by using a 1.2 GPa axial pressure with a steel die. Temper- 

ture dependence of resistivity of the sample pellet was studied 

y using a physical property measurement system (PPMS) in a DC 

our-probe method with silver contact in a temperature range of 

00 and 55 K, below which temperature the resistance was out of 

he measurement range. Thermal transport behavior of the cold- 

ressed pellet was measured by using the PPMS at a zero magnetic 

eld. DC magnetizations and hysteresis loops were recorded by us- 

ng a vibrating sample magnetometer (VSM) in the PPMS equipped 

ith a superconducting magnet with a maximum magnetic field of 

40 kOe. The magnetic data were collected by using the standard 

ode in a temperature range of 5–300 K and by using the oven 

ode in a high vacuum state with a chamber pressure lower than 

 × 10−5 Torr between 300 and 750 K, respectively. Temperature 

ependence of AC susceptibility was investigated over a frequency 

ange of 102 –104 Hz in the PPMS. Photoinduced magnetization 

PIM) effects were studied by introducing a green light (532 nm 

ith a power of 15 mW) into a sample chamber of a quantum de- 

ign superconducting quantum interference device (SQUID) mag- 

etometer (MPMS-squid VSM-094) through a homemade magneto- 

ptical rod with an optical fiber. The switching of light was con- 

rolled by an external switch. 

. Results and discussion 

.1. Chemical composition and structure analysis 

An FESEM ( Fig. 1(a) ) image illustrates that the hybrid product 

ossesses a nanosheet-shaped morphology with a thickness range 

f 10 0–30 0 nm and an edge length range of 1–8 μm. An EDX spec-

rum (inset of Fig. 1(a) ) indicates the presence of Fe, Se, C and
282
, and Fe and Se are the only heavy elements in the nanosheet. 

he Au comes from Au films coating on the nanosheets. The rel- 

tive molar ratio of Fe to Se was determined to be 46.24/53.76 

6.88/8) by EDX, very similar to an ICP result of 6.92/8 and a feed 

atio of 7/8 ( Table 1 ). It is further confirmed by a decomposition

roduct (Figs. S3 and S4 and more details in Supplementary In- 

ormation). Elemental mapping ( Fig. 1 (b–e)) shows even distribu- 

ions of Fe, Se, C, and N in the hybrid product. An FT-IR spec- 

rum ( Fig. 1(f) ) presents characteristic peaks of peha molecules fea- 

ured by the vibration bands of –CH2 –, –NH2 , –NH– and –CN–. 

imilar to the Mn(peha) complexes previously reported [ 37 ], the 

and of δ–NH2 / ν–CN– shift from 1573/1035 cm−1 for the bend- 

ng/stretching vibration of free peha molecules to 1608/1114 cm−1 

or that of the hybrid nanosheets, revealing a formation of Fe(peha) 

omplexes (Fig. S5). A molar ratio between inorganic Fe7 Se8 and 

rganic peha molecules is 2/0.7 for the hybrid nanosheets based 

n a thermal decomposition experiment (in Supplementary Infor- 

ation). A XPS spectrum of Fe 2p ( Fig. 1(g) ) reveals the existence 

f Fe3 + and Fe2 + in the hybrid nanosheets with a molar ratio of 

/2.4 (29.85 %/70.15 %) in a good agreement with Mössbauer fit- 

ing results below. The presence of Fe3 + and Fe2 + is also con- 

rmed by XAS spectrum shown as the inset of Fig. 1(g) . As a re-

ult, the hybrid nanosheets are a mixed-valence compound, similar 

o Fe3 Se4 (en)2 (en = ethylenediamine) [ 29 ] and Fe14 Se16 (tepa)0.8 

 30 ], and a chemical formula is written as Fe14 Se16 (peha)0.7 for the 

ybrid nanosheets. 

Fig. 1(h) represents an XRD pattern of hybrid nanosheets col- 

ected at room temperature. All Bragg diffraction peaks obtained by 

 slow scanning process can be well indexed by the TEROR method 

sing program Powder X [ 38 ], suggesting the same tetragonal crys- 

al structure as that observed in a SAED ( Fig. 2(b) ). Two strong

eaks at low 2 θ angles of 9.12 ° and 18.29 ° are characterized to be 

002) and (004) with lattice spacings of 9.67 and 4.84 Å, respec- 

ively. It reveals a periodic layered structure of Fe14 Se16 (peha)0.7 , 

imilar to organic-inorganic hybrids with the space group I 4/ m 

 30 , 39 ]. Based on a slow scanning powder XRD pattern, the crys-

al structure of Fe14 Se16 (peha)0.7 was refined by Le Bail refinement 

sing the Fullprof software [ 40 , 41 ]. The refinement process gives 

ood R factors ( Rp = 12.0 %, Rwp = 10.7 %, Rexp = 3.70 % and
2 = 8.3) for the space group I 4/ m . Room-temperature lattice pa- 

ameters are determined to be 8.602(1) Å for a and 19.384(0) Å for 

 , respectively. The XRD peaks with corresponding indices of crys- 

al face, 2 θ angles, and refined interplanar spacings are listed in 

able S1 (in Supplementary Information). With the atomic compo- 

itions, inorganic building units, organic complexes and the elec- 

rical neutrality principles, a possible chemical formula for the hy- 

rid nanosheets is (β − Fe 2+ 
2 . 5 Fe 3+ 

0 . 5 Se 2 −4 ) 
4 
[Fe3+ (peha ) ] 0 . 7 Fe 3+ 

1 . 3 , where 

roportions of Fe2 + and Fe3 + well agree with M ӧssbauer fits (Ta- 

le S2). A structural sketch for Fe14 Se16 (peha)0.7 is illustrated in 

ig. 1(i) . 

Fig. 2(a) illustrates TEM image of a Fe14 Se16 (peha)0.7 nanosheet. 

 corresponding SAED pattern in Fig. 2(b) reveals a periodic crys- 

al structure along the c direction. Clear diffraction points in the 

AED pattern reveal a single crystal feature of tetragonal hybrid 

anosheets. The SAED pattern is identical to that of tetragonal β- 

e3 Se4 along the [001] direction [ 24 ]. The c axis zone SAED pat- 

ern of β-Fe3 Se4 is almost the same as that of the superconducting 

-FeSe [ 42 ], except that the systematic absences in (h00), (0k0), 

 odd, k odd, are now visible. The points of intersection of red 

ines in Fig. 2(b) reveal the diffraction planes of (010), (100), (110), 

020), (200), (220) for a β-Fe3 Se4 superstructure. Similarly, a crys- 

al structure dependence of host layer was also found in interca- 

ated FeSe-derived superconductors [ 39 ]. We examine the tetrago- 

al structure by rotating a hybrid nanosheet with angles of 29.15 °
or the α angle and 10.83 ° for the β angle illustrated as Fig. 2(c) . 

t generates a tilted angle of ∼30.7 ° against the original position of 
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Fig. 1. Morphology, chemical compositions and phase of Fe14 Se16 (peha)0.7 hybrid nanosheets. (a) FESEM image. The inset shows an EDX spectrum. Element mapping of (b) 

Fe, (c) Se, (d) C and (e) N for a hybrid nanosheet marked by a yellow box in (a). (f) FT-IR spectrum. (g) XPS spectrum of Fe 2p. The inset shows an Fe L-edge XAS with 

commercial Fe3 O4 as a reference. (h) Slow scanning XRD pattern recorded at room temperature (solid crosses) with Le Bail refinement and difference curves. The vertical 

bars indicate the Bragg reflection positions. (i) A structural sketch of layered hybrid structure constructed by β-Fe3 Se4 layers and spacer layers composed of iron ions and 

organic peha molecules. 

Table 1 

Compositions, semiconductor and magnetic properties of Fe14 Se16 (peha)0.7 . 

Fe/Se Fe7 Se8 /peha Eg (eV) Ea (meV) MS (emu g−1 ) TB (K) Tf (K) TC (K) 

Feed ICP EDS 5 K 300 K 500 K 

7:8 6.92:8 6.88:8 2:0.7 2.22 62.69 5.91 4.60 3.80 90 128.2 > 519 
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he hybrid nanosheet ( Fig. 2(a) ). A corresponding SAED pattern of 

he tilted hybrid nanosheet ( Fig. 2(d) ) reveals a crystal zone axis of

 ̄1 11 ] following the Weiss zone law. To the rotation limit of the in-

trument, the experimental tilted angle is the same as the included 

ngle of 31.8 ° between crystal zone axes of [001] and [ ̄1 11 ] accord-

ng to a tetragonal symmetry. It suggests that the Fe14 Se16 (peha)0.7 

ybrid nanosheets are single crystals and well match the tetragonal 

rystal structure. However, we tried to grow single crystals sizable 

or single crystal diffraction but failed by prolonging reaction time 

ecause the growths of Fe14 Se16 (peha)0.7 single crystals do not fol- 

ow the Ostwald ripening mechanism (Fig. S6). 

Effects of high temperatures on structure and phase are also 

tudied to see if peha molecules can create an excellent thermal 

tability. A DSC curve in Fig. 3(a) shows an endothermic peak with 

n onset temperature ( Tonset ) of 519 K that emerges below the de- 

omposition temperature ( Td ∼600 K) (Fig. S3). Fig. 3(b) shows no 

bvious changes in terms of the peak intensity, position, and peak 

umbers of XRD patterns recorded between 300 and 500 K, in- 

icating that the as-synthetic Fe14 Se16 (peha)0.7 maintain the orig- 

nal lattice upon heating. As a measurement temperature rises to 

50 K, a new XRD peak at 2 θ = 43.28 ° marked by the star sym-

ol is observed in the XRD pattern. Above the Td , thermal decom- 
283
osition products of Fe14 Se16 (peha)0.7 are indexed to Fe3 Se4 and 

e7 Se8 . A slight amount of Fe3 O4 is formed in the heating process. 

hus, the Fe14 Se16 (peha)0.7 is thermally stable below 519 K. 

.2. Semiconducting properties and thermal transport 

UV–vis diffuse reflection spectrum in Fig. S7 shows that 

e14 Se16 (peha)0.7 nanosheets absorb broad visible light. The ab- 

orbance gradually becomes weak as the wavelength changes from 

he blue light to the red light. Tauc plot using diffuse reflectance 

ata with (αhv ) 1 /n = B (hv − Eg ) ( n = 1/2) in Fig. 4(a) gives a

irect optical bandgap ( Eg ) of 2.22 eV, where α represents ab- 

orption coefficient, h the Planck-constant and ν frequency of a 

emiconductor. The band gap is similar to that (2.1 eV) of hy- 

rid semiconductor thin films of bismuth based perovskites for so- 

ar cell [ 43 ]. A tail-like structure below the bandgap in the opti-

al absorption spectrum is similar to that of Cu2 O nanowires [ 44 ]. 

L emission spectrum of Fe14 Se16 (peha)0.7 is contributed by two 

hoto responses in a wavelength range between 350 and 620 nm 

t 300 K ( Fig. 4(b) ). The emission peak shifts towards lower en- 

rgy ( ∼405 nm) as compared to the value for free peha molecules 

431 nm), which is induced by a strong electron charge trans- 
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Fig. 2. (a) TEM image and (b) its corresponding SAED pattern of a Fe14 Se16 (peha)0.7 

hybrid nanosheet along the [001] direction. The points of intersection of the red 

lines in (b) indicate the diffraction planes of the (010), (100), (110), (020), (200), 

(220) of β-Fe3 Se4 layers. (c) Schematic illustration for rotating a hybrid nanosheet 

in (a) from the [001] to the [ ̄1 11] with 29.15 ° for the α angle and 10.83 ° for the β

angle. (d) SAED pattern of the hybrid nanosheet obtained along the [ ̄1 11] direction. 

Fig. 3. (a) DSC curve and (b) in-situ high-temperature XRD patterns of the 

Fe14 Se16 (peha)0.7 hybrid nanosheets. The star symbol ∗ in (b) indicates a new XRD 

peak emerging from the as-synthetic Fe14 Se16 (peha)0.7 in the heating process. 

f

[

t

∼
g

fl

r

Fig. 4. Semiconducting properties of Fe14 Se16 (peha)0.7 hybrid nanosheets. (a) Tauc plot fo

300 K. Plot of resistivity on a logarithmic scale against (c) T−1 over 55–300 K and (d) T−1/4

10 μA, while the solid lines indicate the linearity of data. (e) Temperature dependence of

of thermal conductivity ( κ), the calculated electron ( κel ) and phonon ( κ lat ) contributions. 

284
erring from the coordinated iron ions towards organic molecules 

 30 ]. In contrast to free peha molecules, PL measurement on 

he nanosheets sample gives a broad peak with a maximum at 

550 nm, which corresponds to 2.25 eV, consistent with the band 

ap values obtained from UV–vis spectroscopy and diffuse re- 

ectance. 

Temperature dependence of electrical resistivity ρ on a loga- 

ithmic scale of a specimen pellet of Fe14 Se16 (peha)0.7 is plotted in 
r a direct allowed transition. (b) PL spectrum obtained with 270 nm excitation at 
 over 55–130 K. The resistivity data (blank dots) are recorded by using a current of 

 electrical conductivity ( σ ) and Seebeck coefficient ( S ). (f) Temperature dependence 

Lines 1–3 are the fit curves as described in the main text. 
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ig. 4(c) . The ρ at 300 K is 5.8 × 10−3 � m and resistance data 

elow 55 K, which are beyond the measurement range, were not 

iven. A good linear relation is seen between ln ρ and inverse tem- 

erature ( T−1 ) in the 130–300 K range, showing a typical semicon- 

ucting feature of thermally-activated electrical conduction. Based 

n the Arrhenius equation ρ = ρ01 e
−Ea /kB T , where ρ01 is a con- 

tant, an Ea is extracted to be 62.69 meV. It is the energy sepa- 

ation between the bottom of the conduction band and an impu- 

ity energy level within the intrinsic bandgap, or the energy bar- 

ier for a charge transfer between the spacer layers and the inor- 

anic host layers by means of the Se...H–N interactions [ 30 , 45 ]. Ob-

iously, ln ρ against T−1 in the 55–130 K range deviates from the 

inear relation. Instead, Fig. 4(d) represents a satisfactory linear fit 

f ln ρ against T−1/4 in a temperature region from 55 K to 130 K. 

he VRH conductivity in a 3D case follows ρ = ρ02 exp [(T0 /T ) 1 / 4 ] 

hat was derived by Mott [ 46 ], where ρ02 is a material constant 

nd T0 is the characteristic temperature of the system, revealing 

hat charge carriers are localized over the transport sites by disor- 

er in Fe14 Se16 (peha)0.7 . A VRH conduction behavior is dominated 

y a degree of disorder in a material whether it is a metal or a

emiconductor [ 47 ]. Previously, intercalations of metal (Tl, K, Rb, 

s) atoms into adjacent AFM β-Fe3 Se4 layers produced a series of 

uasi-2D AFM semiconductors with energy band gaps of 94, 121, 

9, and 26 meV for TlFe1.5 Se2 , KFe1.5 Se2 , RbFe1.5 Se2 , and CsFe1.5 Se2 , 

espectively [ 48 ], while Fe2 + (tepa) complexes and uncoordinated 

e2 + served as spacer layers result in VRH-type Fe14 Se16 (tepa) and 

e14 Se16 (tepa)0.8 at 300 K [ 30 ]. Therefore, tunability of the elec- 

ronic structure in Fe3 + /peha co-intercalated β-Fe3 Se4 leads to a 

and gap of 2.22 eV for Fe14 Se16 (peha)0.7 . Temperature-dependent 

eebeck coefficient ( S ) in Fig. 4(e) is consistent with the electrical 

ransport results. Negative signs of S indicate a n-type semicon- 

uctor of Fe14 Se16 (peha)0.7 [ 49 ]. The S reaches a maximum at a 

emperature when the derivative of electrical conductivity ( σ ) di- 

erges, well described by the VRH conduction [ 47 ]. 

Understanding the thermal conductivity of organic magnetic 

emiconductors is key to optimizing organic spintronic de- 

ices [ 50 ]. Temperature dependence of thermal conductivity of 

e14 Se16 (peha)0.7 is given in Fig. 4(f) . The Fe14 Se16 (peha)0.7 pos- 

esses considerably low κ values of about 0.8–2.5 W m−1 K−1 

n the temperature range of interest. Such low values may be at- 

ributed mainly to the soft modes or strong anharmonicity due to 

he weak interaction between the inorganic β-Fe3 Se4 host layers 

nd space layers consisting of organic peha molecules and Fe ions, 

ust similar to the iron sulfide hybrid semiconductor that is fea- 

ured by a low band gap due to unique 2D [Fe16 S20 ]
8− layers [ 51 ]. 

It is essential to separate the contributions to the total thermal 

onductivity by both electron and lattice. To note that κ lat , which 

s very low at 55 K, can be further suppressed by temperature due 

o the Umklapp process. Meanwhile, total κ goes up with tem- 

erature, indicating that thermal conductivity is dominated by κel 

t relatively high temperatures and therefore we may assume that 

lat drops to zero at 300 K. Taking κ as κel at 300 K, we can resort

o the W-F law ( κel = σ L0 T ) to obtain temperature dependence of 

el in the whole temperature range of interest. However, for or- 

anic semiconductor systems, the violation of the W-F law is quite 

ommon due to decoupling the charge conductivity and thermal 

onductivity and the κel is usually ruled by a modified W-F law 

 Eq. (1) ): 

el = σ LT (1) 

he κel ( T ) obtained is shown by blue empty dots in Fig. 4(f) . 

The VRH conduction strongly localizes electrons in the 55–

30 K range, limiting the electronic thermal conductivity. There- 

ore, the lattice counterpart takes over, for example at 55 K, the 

lat is ∼0.8 W m−1 K−1 and κel almost negligible to the κ , which 

s reasonable because the electrical transport is not diffusive any- 
285
ore below 130 K. With κel ( T ) at hand, it is straightforward to 

et κ lat ( T ), as given by blue filled dots in Fig. 4(f) . In the 55–

30 K range, κ lat increases with temperature and shall be ballistic 

ype. In the ballistic thermal transport scenario, the κ lat can be de- 

cribed by Cv υD , in which Cv , υ , and D are specific heat, phonon

elocity and sample size, respectively. Considering both υ and L 

re usually temperature independent, we can evaluate κ lat based 

n the temperature dependence of specific heat Cv by the Einstein 

odel ( Eq. (2) ), 

lat = 3
RυD 

π

(
�E 

T 

)2 
e�E /T (

e�E /T − 1
)2 

(2) 

here �E is the Einstein temperature and R is the gas constant 

 52 ]. The fit shown as the red line 1 in Fig. 4(f) is satisfactory with

he experimental κ between ∼55 and 130 K, which gives a Lorenz 

umber L ( ∼20 0 0 L0 ) and the �E of 131 K. Hopping conduction in-

uces a significant reduction of the electrical conductivity below 

30 K, whereas the transport of heat, through lattice vibrations, 

an remain high, leading to an enhancement in L / L0 [ 21 ]. Thus,

he green fit line 2 further illustrates that the lattice contribution 

lat below 130 K is dominated by the Einstein model. In the 250–

00 K temperature range, the phonon transport is well described 

y the phonon-phonon Umklapp processes ( κ lat ∼1/ T ) (red dotted 

ine 3) [ 53 ]. Thus, the κel dominates the thermal conductivity of 

e14 Se16 (peha)0.7 above 250 K. 

.3. Magnetic performance 

Fig. 5(a) presents the zero-field-cooled (ZFC)/field-cooled (FC) 

agnetization curves and temperature dependence of AC suscep- 

ibilities of Fe14 Se16 (peha)0.7 measured in the 5–300 K range in 

 zero field. The FC magnetization smoothly decreases with rais- 

ng the temperature from 5 K to 300 K, but there is a broad peak

rom 2 K to ∼100 K in the ZFC magnetization curve recorded at 

 magnetic field of 0.1 kOe. A peak temperature ( ∼90 K) of the 

FC magnetization peak is obviously lower than an AC susceptibil- 

ty peak at ∼128.2 K measured at a frequency of 0.1 kHz. The inset 

f Fig. 5(a) shows a shift of AC susceptibility peak from 121.1 K 

o 136.0 K with increasing frequency from 1 kHz to 10 kHz. It 

eveals a spin-glass behavior with a freezing temperature ( Tf ) of 

28.2 K within the hybrid system [ 54 ]. A field ( H ) dependence of

agnetization ( M ) in Fig. 5(b) exhibits strong ferrimagnetism of 

e14 Se16 (peha)0.7 in the 5–500 K range. The MS is 5.91 emu g−1 

t 5 K, which gradually decreases to 4.6 emu g−1 at 300 K and 

.8 emu g−1 at 500 K, respectively, while a coercivity ( HC ) of 

e14 Se16 (peha)0.7 is 0.42 kOe at 5 K but ∼0 at 300 and 500 K. A 

ig MS value but a zero HC of Fe14 Se16 (peha)0.7 at 300 K reveals 

 superparamagnetic behavior, supported by nonmagnetic doublets 

f 57 Fe Mössbauer spectrum of Fe14 Se16 (peha)0.7 collected at 300 K 

n Fig. 5(d) . This feature is also observed in a spectrum recorded at 

00 K ( Fig. 5(e) ), suggesting that the broad peak in the ZFC mag-

etization curve well matches to the superparamagnetic compo- 

ents with the maximum blocking temperature ( TB ) of ∼90 K. A 

eak on the ZFC magnetization curve ( Fig. 5(a) ) indicates a wide 

istribution of TB values, which are related to sizes of magnetic 

anoparticles [ 55 ]. When the anisotropy energy barrier is higher 

han thermal energy, thermal fluctuations will be overcome below 

 TB . As a result, nonmagnetic doublets become weak and mag- 

etically splitting sextets emerge on a spectrum recorded at 5 K 

 Fig. 5(d) ). It further reveals the presence of long-range FIM or- 

ering in Fe14 Se16 (peha)0.7 , identical to the saturation magnetiza- 

ion behaviors of M –H loops in Fig. 5(b) . Spin frustrations usu- 

lly occur on boundaries and/or interfaces of hybrid nanosheets. 

lectron spin resonance spectra reveal that spin-glass components 

nd ferrimagnetic components can well coexist in hybrid materi- 
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Fig. 5. Magnetic properties and M ӧssbauer spectra of Fe14 Se16 (peha)0.7 semiconductor. (a) Temperature dependence of ZFC and FC magnetizations recorded at a magnetic 

field ( H = 0.1 kOe) and AC susceptibilities measured in the 5–300 K range at zero magnetic field. The inset shows a frequency dependence of AC susceptibility. (b) Hysteresis 

loops measured at different temperatures. The inset shows the details in a low magnetic field range. (c) Temperature dependence of magnetization and d M /d T curves in a 

series of warming or cooling processes from 300 K to 750 K at a magnetic field of 50 kOe. M ӧssbauer spectra recorded at (d) 300 K, (e) 100 K and (f) 5 K. Experimental 

data (black dot) and calculated spectrum (black line) fitted by Fe3 + components [cyan ( S = 5/2) and green ( S = 1/2) for magnetically splitting sextets, blue ( S = 1/2) for 

doublets] and Fe2 + components [yellow ( S = 2) for magnetically splitting sextets and purple ( S = 1) for doublets]. The spin states of irons are shown in the brackets, while 

the different colored lines represent nonequivalent sites of Fe2 + and Fe3 + in the hybrid. 
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ls because two components are dependent on different structural 

otifs of Fe14 Se16 (peha)0.7 [ 25 , 27 ]. No magnetic transition on the 

C magnetization curve ( Fig. 5(a) ) indicates that the TC of the or- 

anic magnetic semiconductor is higher than room temperature. 

his conclusion is supported by high-temperature thermal magne- 

ization curves and a d M /d T curve ( Fig. 5(c) ). The magnetization

f Fe14 Se16 (peha)0.7 smoothly decreases with raising a temperature 

rom 300 K to 590 K (process 1). When the temperature is main- 

ained at 590 K for 40 min (process 2), the magnetization slightly 

ecreases with prolonging the measurement time due to a change 

f the hybrid structure at high temperatures (an inset of Fig. 5(c) ). 

ccording to smooth M - T curves in the 300–590 K range, there are

o FIM impurities of Fe3 Se4 ( TC ∼ 332 K) and Fe7 Se8 ( TC ∼ 453 K) 

n our magnetic semiconductor [ 25 ]. An obvious magnetization 

rop in a warming process (4) starts at ∼ 625 K and the fastest 

ecrease of magnetization occurs at ∼680 K corresponding to de- 

omposition. A magnetization change almost completes at ∼700 K, 

hich is determined by the point of intersection of the two tan- 

ents around the inflection point of the warming M - T curve. Such 

 temperature is much lower than the TC of Fe3 O4 ( ∼860 K), ex- 

luding an effect of impure Fe3 O4 on the magnetic properties of 

e14 Se16 (peha)0.7 . XPS data ( Fig. 1(g) ) reveal the binding energy 

f 709.5 and 711.4 eV for Fe2 + 2p3/2 and Fe3 + 2p3/2 in the hy- 

rid semiconductor, respectively, which exclude impurities Fe3 O4 

nd Fe due to different binding energy of 710.4 eV for Fe2p3/2 in 

e3 O4 and 706.8 eV for Fe2p3/2 of Fe. Therefore, the TC ( > 519 K) 
286
nd room-temperature MS of as-synthetic Fe14 Se16 (peha)0.7 are in- 

isputably higher than not only the previously calculated mag- 

etic ordering temperatures [ 18 , 56 , 57 ] but also the experimental

alues [ 14–17 , 20 , 33–36 , 58–61 ] ( Fig. 6 ). Such an unusual high TC of

e14 Se16 (peha)0.7 is never reported in inorganic 2D magnetic semi- 

onductors, such as Cr2 Ge2 Te6 ( TC = 64 K) [ 6 ], FeTe ( TC = 220 K)

 62 ] and CoFe2 O4 ( TC = 390 K) [ 10 ]. 

Mössbauer spectroscopy is an effective tool to determine the 

agnetic ground state of a magnetic material, especially for the 

istribution, valence and spin states of irons. According to Fig. 5 (d, 

), two nonmagnetic doublets are well-fitted for Fe2 + and Fe3 + and 

he fit parameters are summarized in Table S2. Slight increases in 

somer shift (IS) and quadrupole splitting (QS) are induced by cool- 

ng a temperature from 300 K to 100 K. The Fe3 + may have three 

pin states: S = 1/2, 3/2, and 5/2, which are much different from 

he spin states of S = 0, 1, and 2 for the Fe2 + . Usually, IS values

 > 0.6 mm s−1 ) are expected to Fe2 + , and smaller IS values (0.27–

.39 mm s−1 ) are for Fe3 + [ 29 , 63 ]. The IS values in 0.3–0.5 mm s−1 

nd 0.6–0.8 mm s−1 at 5 K confirm the presence of Fe3 + and 

e2 + in the hybrid, respectively. Thus, the Fe14 Se16 (peha)0.7 is a 

ixed-valence compound containing well-separated Fe2 + ( S = 1) 

nd Fe3 + ( S = 1/2) sublattices. The proportions for Fe3 + (blue) and 

e2 + (purple) are 28.6 % and 71.4 %, respectively, which is con- 

istent with the XPS result ( Fig. 1(g) ). Besides nonmagnetic dou- 

lets, magnetically splitting sextets can be obviously observed on 

 spectrum recorded at 5 K ( Fig. 5(f) ). Previously, magnetically 
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Fig. 6. Comparison of magnetic ordering temperatures and saturation magnetiza- 

tions of Fe14 Se16 (peha)0.7 and some reported inorganic/organic magnetic semicon- 

ductors in experiments. 
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onequivalent sites of high-spin Fe3 + with hyperfine fields of 507 

nd 468 kOe and Fe2 + with hyperfine fields of 272 and 231 kOe 

 30 ] were found in inorganic β-Fe3 Se4 layers due to ordered Fe 

acancies (Fig. S8). In the present case, superparamagnetic compo- 

ents give rise hard to identify sites of magnetic Fe ions in the hy-

rid lattice. Thus, we assume only one high-spin Fe3 + component 

nd one high-spin Fe2 + component in the presence of inorganic β- 

e3 Se4 layers, while signals of nonmagnetic irons are from super- 

aramagnetic nanosheets. Magnetic irons in spacer layers can be 

ssigned to the third magnetically splitting sextet [ 30 , 64 ]. There- 

ore, a hyperfine field of 501 kOe for high-spin Fe3 + (cyan) at 

 K is significantly higher than an expected value of ∼257 kOe 

or S = 3/2 but close to the typical value of ∼500 kOe for Fe3 + 

 S = 5/2) [ 63 ]. A magnetically splitting sextet (green) exhibits an

F of 110 kOe, which is about twice that (66 kOe) of Fe2 + ( S = 2)

n [Fe2 + (en)2 ] complexes [ 29 ]. An IS value of 0.33 mm s−1 as- 

igns the green component to low-spin Fe3 + in organic Fe3 + (peha) 

omplexes. An IS value of 0.76 mm s−1 indicates a high-spin Fe2 + 

omponent of magnetically splitting sextet (yellow) with an HF 

f 141 kOe, which is lower than the HF value for Fe2 + ( S = 2)

 30 ]. The magnetically splitting sextets and high hyperfine fields 

f high-spin Fe3 + (cyan) and Fe2 + (yellow) at 5 K confirm the 

resence of long-range magnetic ordering in the Fe14 Se16 (peha)0.7 . 

n contrast to Fe/NH3 co-intercalated (NH3 )Fe0.25 Fe2 S2 [ 64 ] and 

e/tepa co-intercalated (Fe 2+ 
2 . 5 Fe 3+ 

0 . 5 Se 2 −4 ) 
4 
[Fe3+ (tepa ) ]Fe3+ [ 31 ], a 

D long-range AFM interaction between interlayer and intralayer 

rons with various HF values is responsible for ferrimagnetism of 

e14 Se16 (peha)0.7 . 

Distinguishing features of Fe14 Se16 (peha)0.7 are commented on 

n the following. The XRD and SAED patterns indicate a layered 

ingle-crystalline structure. The UV–vis diffuse reflection/PL emis- 

ion spectra, electrical conduction and Seebeck coefficient data 

larify an n-type semiconducting behavior, while the hystere- 

is loops and ZFC/FC magnetization curves strongly support the 

oom-temperature ferrimagnetism of this organic semiconductor. 

 single phase indicates that our bottom-up self-assemble strat- 
287
gy is an effective method to exploit room-temperature organic 

agnetic semiconductors. In our present case, physical properties 

n semiconducting and FIM properties are observed in layered 

rganic-inorganic hybrid nanosheets with β-Fe3 Se4 layers sepa- 

ated by spacer layers containing Fe and peha. It is sure that var- 

ed chemical compositions and hybrid structures can result in sig- 

ificant changes in magnetic and electrical performance on a sim- 

lar hybrid system [ 30 ]. Thus, an intrinsic FIM semiconductor of 

e14 Se16 (peha)0.7 with a TC higher than 519 K was successfully syn- 

hesized. The thermal conductivity of Fe14 Se16 (peha)0.7 at 300 K is 

nly twice that of SiO2 . It not only offers an appropriate system 

or the investigation of thermal properties on organic magnetic 

emiconductors, but also suggests a potential integration of this or- 

anic FIM semiconductor with silicon-based semiconductor mate- 

ials. The σ in the 130–300 K temperature range is in the magni- 

ude of 170–180 S m−1 . However, high-temperature superconduc- 

ivity induced by co-intercalations of Na+ /en in β-FeSe [ 39 ] and 

e2 + /tepa in β-Fe3 Se4 [ 30 ] indicates tunability of different metal 

ons and amine molecules as well as iron vacancies on electronic 

tructures in this room-temperature FIM semiconductor system. A 

igh conductivity is worth pursuing in an organic magnetic semi- 

onductor before it can be applied to spintronics. Although the W- 

 law is strongly violated according to the electrical-thermal trans- 

ort data, it is important that organic spintronic devices require 

roper heat dissipation capability to utilize/prevent heat accumu- 

ation for device high performance [ 65 ]. 

Moreover, high absorbance ( > 0.75) in the visible light range 

Fig. S7) makes the Fe14 Se16 (peha)0.7 attract much attention in 

he optical control of magnetism in magnetic semiconductors [ 66 ]. 

 PIM effect is expected by possible change of spin configu- 

ations from low-spin (LS) FeII,LS to FeIII,LS (Fig. S9(a)) or from 

ntermediate-spin (MS) FeIII,MS to high-spin (HS) FeIII,HS (Fig. S9(b)) 

ue to light-induced electron transfers. However, Fig. S9(c, d) 

hows weak PIM effects. M ӧssbauer spectrum in Fig. 5 reveals 

aried spin states of Fe2 + and Fe3 + in Fe14 Se16 (peha)0.7 . How- 

ver, the spin states of Fe2 + ( S = 1 and 2) and Fe3 + ( S = 1/2

nd 5/2) in Fe14 Se16 (peha)0.7 do not meet the light-induced elec- 

ron transfers. Nevertheless, it is fascinating to systematically study 

 structure-performance relationship of room-temperature organic 

agnetic semiconductors with various spin states of irons due 

o varied crystal symmetries, organic/inorganic components, and 

o on [ 29 , 30 , 63 ]. Efforts to examine correlations between oxi-

ation/spin states of irons and semiconducting/optical/magnetic 

roperties of this system are currently in progress. 

. Conclusion 

In summary, we report a tetragonal 2D organic-inorganic hy- 

rid FIM semiconductor of Fe14 Se16 (peha)0.7 with an unprece- 

ented room-temperature ferrimagnetism and a TC value higher 

han 519 K. The Ea and Eg of this n-type semiconductor are 62.69 

eV and 2.22 eV, respectively. The W-F law is strongly violated in 

his organic FIM semiconductor, while the lower thermal conduc- 

ivity (0.8–2.5 W m−1 K−1 ) is attributed to the incorporation of or- 

anic peha molecules and Fe ions between β-Fe3 Se4 host layers. 

ur discovery highlights a better understanding of the origin of 

agnetism and semiconducting performance in room-temperature 

ybrid FIM semiconductors for spintronic applications in the fu- 

ure. 
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