
Deposition of organic acceptor molecules, 7,7,8,8-tetracyanoquinodimethane (TCNQ), on the surface
of ferromagnetic Fe3GeTe2 (FGT) nanosheets causes an unprecedented 5-fold increase in the
coercivity of the FGT-TCNQ composite as compared to that of the bare nanosheets. This huge
coercivity enhancement has been traced to the electron transfer from FGT to TCNQ that strengthens
the interlayer magnetic exchange in FGT, as illustrated by José J. Baldoví, Michael Shatruk et al. in
their Research Article (e2 2412425).
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Abstract: Ferromagnetic metal Fe3GeTe2 (FGT), whose structure exhibits weak van-der-Waals interactions between 5-
atom thick layers, was subjected to liquid-phase exfoliation (LPE) in N-methyl pyrrolidone (NMP) to yield a suspension
of nanosheets that were separated into several fractions by successive centrifugation at different speeds. Electron
microscopy confirmed successful exfoliation of bulk FGT to nanosheets as thin as 6 nm. The ferromagnetic ordering
temperature for the nanosheets gradually decreased with the increase in the centrifugation speed used to isolate the 2D
material. These nanosheets were resuspended in NMP and treated with an organic acceptor, 7,7,8,8-tetracyano-
quinodimethane (TCNQ), which led to precipitation of FGT-TCNQ composite. The formation of the composite material
is accompanied by charge transfer from the FGT nanosheets to TCNQ molecules, generating TCNQ*� radical anions, as
revealed by experimental vibrational spectra and supported by first principles calculations. Remarkably, a substantial
increase in magnetic anisotropy was observed, as manifested by the increase in the coercive field from nearly zero in
bulk FGT to 1.0 kOe in the exfoliated nanosheets and then to 5.4 kOe in the FGT-TCNQ composite. The dramatic
increase in coercivity of the composite suggests that functionalization with redox-active molecules provides an appealing
pathway to enhancing magnetic properties of 2D materials.

Introduction

The rapid development of research in 2D materials, spurred
by the seminal experimental discovery of graphene,[1] has
opened abundant research opportunities in many areas of
chemistry,[3] physics,[6] materials science,[9] engineering,[13]

and biomedicine.[15] The principal driver of these opportu-
nities is the extremely high sensitivity of the physical
properties of one- or few-atom thick 2D materials to both
the action of external parameters (strain, light, temperature,
electric/magnetic fields) and changes in chemical composi-
tion. The chemical modifications can involve not only
changes in the composition of the 2D material itself but also
introduction of extraneous species, e.g., via surface function-
alization of the 2D material with atoms and molecules.

The high surface-to-volume ratio inherent in the ultra-
thin 2D materials means that even a relatively small surface
coverage with molecular species can have a drastic impact

on material’s properties. Both non-covalent modification via
physisorption and covalent modification via formation of
chemical bonds have been shown to impact, to a different
extent, the properties of many common 2D materials, such
as graphene, phosphorene, boron nitride, and transition
metal dichalcogenides.[17] Covalent functionalization usually
exerts a more pronounced effect on the substrate because
the formation of strong molecule-substrate bonds unavoid-
ably causes redistribution of bonding and modification of
the electronic structure of the 2D material. In turn, non-
covalent functionalization can be considered as a milder and
more controllable approach that allows to tune the mole-
cule-substrate interactions by an appropriate choice of the
molecules to be absorbed.

Arguably, the molecular species that can actively interact
with the underlying substrate through charge transfer can be
considered especially attractive for non-covalent functional-
ization of 2D materials, because the extent of charge
transfer can be tuned by adjusting the energies of the
frontier molecular orbitals relative to the Fermi level and
the band gap of the 2D material. In this vein, organic donor
and acceptor molecules have been used to induce, respec-
tively, n- and p-type doping of 2D semiconductors. For
example, several organic acceptors, such as 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ), 7,7,8,8-tetracyanoquino-
dimethane (TCNQ), 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-
quinodimethane (F4TCNQ), tetracyanoethylene (TCNE),
and tetrathiafulvalene (TTF), were deposited via electron-
beam evaporation on 2D WSe2.

[24] These heterostructures
functioned as nonvolatile memory devices due to interfacial
charge trapping between 2D WSe2 and the corresponding
molecule, and the performance of the devices was found to
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correlate with the redox properties of the molecules. Like-
wise, evaporation of F4TCNQ onto the surface of 2D MoS2

led to electron transfer from the 2D substrate to the
molecule.[25] This heterostructure was proposed as NH3

sensor, as the charge transfer was suppressed in the presence
of ammonia molecules. Recent theoretical work also
predicted a remarkable increase in the conductivity of 2D
InSe upon deposition of TTF[26] and tunable magnetic
anisotropy of 2D CrI3 upon deposition of either TTF or
TCNQ.[27]

2D magnets represent a special group of ultrathin
structures derived from bulk magnetic materials.[8,28] The
reduction in the dimensionality has been shown to have a
strong impact on the magnetic properties of such materials
as CrI3,

[29] CrSBr,[30] and Fe3GeTe2.
[32] Nevertheless, in

contrast to 2D semiconductors, functionalization of 2D
magnets with molecules has been largely unexplored,
although some intriguing results have been reported for
thin-film materials. For example, deposition of C60 molecules
on a thin film of paramagnetic Cu metal led to observation
of ferromagnetic ordering, due to electron transfer from Cu
to the C60 layer.

[34] The aforementioned theoretical work on
CrI3 predicted that the electron or hole doping, depending
on the electron transfer from the TTF donor or to the
TCNQ acceptor molecules, should lead, respectively, to the
decrease or increase in the magnetic anisotropy of the 2D
material. Thus, the electron transfer between the phys-
isorbed molecules and the magnetic substrate offers an
appealing pathway to modify the magnetic behavior. Metal-
lic (itinerant) magnets are known to exhibit strong coupling
between their magnetic properties and electronic band
structure,[35] which makes this type of magnets especially
susceptible to effects of chemical doping.[39]

One of the challenges in studying such heterostructures
is the bottleneck created due to the insufficient sensitivity of
direct magnetic measurements to detect magnetic properties
of the ultrathin flakes of 2D materials. An appealing
approach to combat this problem is to prepare such
heterostructures on a larger scale, by utilizing the liquid-
phase exfoliation (LPE) approach that allows preparation of
bulk amounts of 2D materials.[45] Due to the presence of
solvent during the formation of heterostructures, the LPE
approach is not as immaculate as mechanical exfoliation and
assembly, but it provides an alternative pathway to evaluat-
ing the effects of heterostructure formation on the magnetic
properties of the underlying 2D substrates. Herein, we
report the effect of non-covalent functionalization of the
itinerant 2D magnet Fe3GeTe2 (FGT) with the well-known
organic acceptor, TCNQ. We demonstrate that LPE-
generated FGT nanosheets undergo electron transfer to the
physisorbed TCNQ molecules, which, in turn, cause a
dramatic increase in the apparent magnetic anisotropy of
FGT, manifested as the increase in the coercivity from
nearly 0 in the bulk material to 5.4 kOe in the FGT-TCNQ
composites.

Results and Discussion

Synthesis and Liquid-Phase Exfoliation

Crystalline Fe3GeTe2 (FGT) was synthesized by chemical
vapor transport following the previous report.[48] The crystals
were shiny metallic plates with optically smooth (001) faces
that measured up to few mm2 in the surface area. The unit
cell parameters determined by single-crystal X-ray diffrac-
tion (a=4.002(3) Å and c=16.36(2) Å in the P63/mmc space
group) matched well those reported in the literature (a=

4.0045 Å and c=16.376 Å).[48] The phase purity of the
sample was confirmed by powder X-ray diffraction (PXRD),
which also revealed strong preferred orientation along the
[001] direction (Figure 1). The unit cell refinement from the
PXRD data yielded the lattice parameters a=4.000(8) Å
and c=16.42(4) Å, which agreed well with those determined
by single-crystal X-ray diffraction.

The crystal structure of FGT is composed of 5-atom
thick slabs, in which the atomic layers alternate in the
Te�Fe-(Ge,Fe)-Fe�Te sequence (Figure 2). These slabs,
terminated by Te atoms, exhibit weak interlayer van-der-
Waals interactions, with nearest Te� � �Te distance of 3.74 Å.
Therefore, the material can be easily exfoliated both by the
mechanical (“scotch-tape”) method and by the LPE method
used in this work.

The LPE was performed according to the general
established protocol,[47] which involves ultrasonication of a
powder sample in appropriate solvent followed by a series
of size-selective centrifugations to isolate sheets of different
thicknesses (Figure S1). Prior to the sonication, the phase-
pure FGT powder was soaked in N-methyl pyrrolidone
(NMP) for 2 h, to improve the efficiency of exfoliation.
NMP was chosen as the LPE solvent based on multiple
reports of its surface tension matching very well the surface
energies of various van-der-Waals materials.[49] The LPE
attempts were also performed in other solvents, but they

Figure 1. The theoretical and experimental PXRD patterns of Fe3GeTe2,
with the corresponding (hkl) lattice planes indicated for the exper-
imental peaks. The theoretical pattern was simulated with the 0.1° peak
width.
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were not as successful as those using NMP, as judged by
rapid precipitation of the exfoliated sheets. Also, it was
crucial to carry out the LPE under inert atmosphere since
the mechanically exfoliated FGT sheets were shown to be
prone to surface oxidation.[52]

The pre-soaked sample was ultrasonicated in NMP for a
longer time (6–7 h). The absence of signs of precipitation
after ultrasonication revealed the stability of exfoliated
sheets in NMP. The ultrasonication was followed immedi-
ately by centrifugation at 1000 rpm for 30 min to remove the
large fraction of non-exfoliated particles. The remaining
supernatant was subjected to a series of centrifugations with
speeds ranging from 2000 rpm to 9500 rpm. The precipitate
collected at each step was re-dispersed in a small amount of
NMP (2–3 mL) and labelled with the corresponding centri-
fugation speed. The re-dispersed suspensions remained
stable under inert conditions for almost 8 weeks. The PXRD
pattern collected on the sample isolated at 2000 rpm (Fig-
ure S2) confirmed that the structural integrity was preserved
after ultrasonication and centrifugation. The exfoliated
samples tend to lose the preferred orientation, which was
prevalent in the bulk samples, and exhibit slight broadening
of the PXRD peaks which is attributed both to the reduction
in the thickness of the material and to introduction of some
strain due to ultrasonication. The Raman spectrum of the
exfoliated sheets also matched the Raman spectrum of the
bulk material, with the main vibrational modes observed at
~120 cm�1 and ~140 cm�1 (Figure S3).

Since NMP is a high-boiling solvent, the exfoliated
sheets were precipitated by adding a water-ethanol mixture
(1 :1 v/v) and re-dispersed in isopropyl alcohol (IPA) for
microscopic imaging. The fresh suspension of sheets in IPA
was drop-cast onto SiO2/Si wafers and analyzed using
scanning electron microscopy (SEM). The SEM images
(Figure 3a and S4) clearly show successful exfoliation of the

bulk FGT into nanosheets. The observed clustering of sheets
can be explained by the instability of the suspension in IPA.

To estimate the thickness of the exfoliated sheets, dilute
IPA suspensions were drop-cast on formvar/carbon coated
200-mesh Cu grids and examined by scanning transmission
electron microscopy (STEM) with electron-energy loss
spectroscopy (EELS). The log-ratio EELS analysis of the
sheets collected at 2000 rpm (Figure 3b and S5) revealed
that the thickness of the sheets varied from 6 nm to 19 nm,
which corresponds to ~11 to ~35 five-atom-thick slabs, given
that the slab thickness in the structure of FGT is ~0.545 nm
(Figure 2).

Preparation of Fe3GeTe2-TCNQ Heterostructures

Given previous reports of facile reactivity of TCNQ with
metallic surfaces,[53] we hypothesized that this organic
acceptor should have a good affinity to the metallic FGT
ferromagnet. To prepare the heterostructures, the exfoliated
sheets collected at 2000 rpm were re-dispersed in NMP and
mixed with a solution of TCNQ in NMP, in an approximate
FGT/TCNQ molar ratio of 1 :1. Although the suspension of
FGT sheets remained stable on its own for weeks, the
addition of TCNQ caused precipitation of the suspension
after ~3 h, clearly supporting the expected interaction
between the FGT surface and TCNQ molecules. Never-
theless, the precipitation was slow, and the precipitate was
collected after 5 days, to ensure the completeness of the
reaction. After this time, the supernatant solution became
pale-green, suggesting that most of TCNQ had been
precipitated with the FGT sheets (Figure 4).

The PXRD analysis of the FGT-TCNQ composite
revealed that its diffraction pattern is very similar to that of
the bare FGT nanosheets isolated at 2000 rpm (Figure S6).
Therefore, the composite is likely to contain TCNQ
molecules absorbed on the FGT sheets and dispersed
between them, as the experimental PXRD patterns reveal
the lack of any substantial amount of neutral TCNQ that
could have been co-crystallized with the FGT-TCNQ
composite.

The green coloration of the supernatant left after the co-
precipitation of FGT and TCNQ was a strong indicator that
TCNQ molecules had been reduced to TCNQ� anions. To

Figure 2. Crystal structure of Fe3GeTe2, viewed nearly perpendicular to
the c axis and presented as layers of Fe-centered polyhedra built of Ge
and Te atoms.

Figure 3. SEM (a) and annual-dark-field STEM (b) images of exfoliated
Fe3GeTe2 isolated at 2000 rpm. See the Supporting Information for
additional electron micrographs.
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estimate the charge (δ) of TCNQ in the heterostructure, we
used infrared (IR) spectroscopy to monitor the characteristic
stretching frequency (νCN) of the TCNQ nitrile groups,
taking advantage of the relationship nCN ¼ 44d þ 2227.[55]

The νCN stretch was observed to shift from 2227 cm�1 in
neutral TCNQ to 2190 cm�1 in the FGT-TCNQ heterostruc-
ture (Figure 5a), which corresponds to the average charge of
�0.84 per TCNQ molecule. The reduction of TCNQ
molecules can be attributed to electron transfer from the
metallic FGT sheets due to the electron-accepting nature of
TCNQ. The loss of the absorption band at 2227 cm�1 in the
IR spectrum of the FGT-TCNQ composite indicates the
complete reduction of TCNQ molecules to TCNQ*– anion-
radicals.

Interestingly, the IR spectrum of the FGT-TCNQ
composites collected after only 4 h from the time of mixing
showed νCN stretches at both 2175 cm�1 and 2225 cm�1

(Figure S7), thus indicating that the reduction of TCNQ was
incomplete. It is possible that some neutral TCNQ mole-
cules were trapped by the precipitating composite. There-
fore, it is important to let the precipitation proceed for
several days to achieve the complete reaction.

Supporting evidence for the charge transfer was obtained
by examining Raman spectra, which also are highly sensitive
to the charge on TCNQ. Due to the resonance Raman
effect, strong symmetric bands were observed in the
spectrum. Generally, a large shift in the C=C bond

stretching frequency is observed as the charge on the TCNQ
molecule varies. For example, the stretching frequencies of
~1438 cm�1 and ~1390 cm�1 were reported for the neutral
and anionic TCNQ, respectively, although small variations
of these values were observed due to crystal field effects.[56]

The Raman spectra recorded in the present work revealed a
shift in the C=C stretching frequency from 1450 cm�1 in
neutral TCNQ to 1370 cm�1 in the FGT-TCNQ heterostruc-
ture (Figure 5b), in agreement with the values reported in
the literature for the TCNQ molecule and TCNQ*� anion-
radical, respectively.[56] We should note, however, that both
IR and Raman absorption bands observed for the FGT-
TCNQ heterostructure were much broader than those
recorded for pristine TCNQ, which suggests some variability
in the charge distribution over the anionic TCNQ species in
the heterostructure.

Magnetic Properties

Temperature dependence of magnetic susceptibility (Fig-
ure 6a) measured on the bulk polycrystalline sample of FGT
revealed the ferromagnetic ordering of Fe moments below a
Curie temperature (TC) of 221 K.[57] The ordering temper-
ature is slightly lower than the expected TC=230 K reported
earlier,[58] which could be attributed to the small Fe
deficiency in the crystal structure.[59] The field-dependent
magnetization measurements (Figure 6b) confirmed that
bulk FGT is a soft ferromagnet with coercivity (Hc) near
zero. The maximum magnetization observed at 7 T was
1.5 μB per Fe atom (4.5 μB per formula unit), also in good

Figure 4. Photographs of the suspension of FGT sheets in NMP and a
solution of TCNQ in NMP taken prior to mixing and then 1 min and
5 days after the two reactants had been mixed.

Figure 5. Infrared (a) and Raman (b) spectra of neutral TCNQ in
comparison to the FGT-TCNQ heterostructures.

Figure 6. (a) The temperature dependence of magnetic susceptibility of
the bulk FGT crystals measured in the ZFC (black) and FC (red)
regimes. (b) A magnetic hysteresis plot for the FGT crystals measured
at 1.8 K. (c) The temperature dependence of magnetic susceptibility of
the FGT sheets isolated at 2000 rpm, measured in the ZFC (black) and
FC (red) regimes. (b) A magnetic hysteresis plot for the exfoliated FGT
sheets measured at 1.8 K.
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agreement with the previously reported value of 1.6 μB per
Fe atom.

An advantage of the LPE technique (relative to mechan-
ical exfoliation) is that it provides enough exfoliated
material to perform conventional magnetic measurements
typically used for bulk samples. Initial measurements on the
exfoliated sheets were carried out on samples re-dispersed
in NMP to assess magnetic behavior of isolated sheets. The
weak diamagnetism of NMP did not impact the measure-
ments significantly. Temperature dependence of the mag-
netic susceptibility of the sheets collected at 2000 rpm
(Figure 6c) clearly showed the decrease in TC to 213 K.
Moreover, a pronounced effect of thickness reduction on
the magnetic properties was manifest in the opening of the
hysteresis to the coercivity value Hc=1.01 kOe (Figure 6d).
This increase in the coercivity indicates a substantial
increase in the magnetic anisotropy of the exfoliated sheets
as compared to the bulk FGT. This observation is also in
agreement with the reported opening of the hysteresis loop
for FGT nanoflakes prepared by mechanical exfoliation.[60]

Similar to the sheets isolated at 2000 rpm, magnetic
measurements on the sheets isolated between 3000 to
8000 rpm showed the decrease in TC (Figure S8a). The value
of TC became progressively smaller as the centrifugation
speed (ω) increased, in agreement with the decrease in the
lateral size and thickness of the sheets collected at higher
speeds. The lowest TC value of 185 K, observed for the
sheets isolated at 8000 rpm, was similar to that reported for
mechanically exfoliated bilayers of FGT.[33] Interestingly, we
observed a linear dependence between TC and ω (Fig-
ure S8b).

The observation of enhancement in the coercivity for the
initially exfoliated FGT nanosheets vs. the bulk material
suggests that the magnetic behavior of the sheets is highly
sensitive to the nature of their surfaces. Therefore, the
magnetic properties were studied for the composite obtained
by reacting FGT sheets isolated at 2000 rpm with a solution
of TCNQ in NMP. The FGT-TCNQ heterostructure showed
TC=198 K (Figure 7a), similar to TC=213 K observed for
the sheets alone. The slight decrease in the TC value might
be associated with the effective hole doping of the FGT
nanosheets due to electron transfer to the TCNQ molecules
in the heterostructure. Indeed, such an effect of hole doping

was reported for mechanically exfoliated FGT nanoflakes.[61]

Although the same work reported rapidly decreasing
coercivity with hole doping, we observed a dramatic increase
in coercivity in the FGT-TCNQ heterostructures. The field-
dependent magnetization measured at 1.8 K revealed widen-
ing of the hysteresis loop to Hc�5.4 kOe, which is five times
higher than that recorded for the bare nanosheets (Fig-
ure 7b). Therefore, the formation of the composite and the
FGT to TCNQ charge transfer led to a drastic increase in
the apparent magnetic anisotropy of the resulting material.
We would like to point out that, in the present case, the hole
doping is achieved by FGT-to-TCNQ electron transfer,
while in the mentioned earlier work it was a result of
creation of iron vacancies in the bulk FGT that was later
subjected to mechanical exfoliation. To further understand
the charge transfer in the composite FGT-TCNQ material
and to gain insight into the effects of hole doping, we turned
to first-principles calculations.

Theoretical Study

We began our theoretical analysis by calculating structural
and electronic properties of a single 5-atom thick layer of
FGT using density functional theory (DFT). We used the
local density approximation (LDA) as exchange-correlation
functional, as it has been shown to provide an adequate
description of the properties of FGT.[62] We did not include
the Hubbard-U correction, frequently used for systems with
d-orbitals, because it was shown to overestimate both the
lattice parameters and magnetic moments of bulk FGT
relative to the experimental values.[59,65] Our DFT calcula-
tions predicted the basal lattice parameter a=3.92 Å, in
good agreement with previous reports and with the exper-
imental value of 4.002(3) Å. Spin-polarized calculations led
to the magnetic moments of 1.92 μB for the Fe(1) sites,
located closer to the outer Te atoms, and 1.09 μB for the
Fe(2) sites, located in the middle of the layer (Figure S9).
Given the 2 :1 ratio of these atoms, the average moment of
1.40 μB per Fe atom is in excellent agreement with the
experimental value of 1.45 μB. The spin-polarized band
structure (Figure S9) agrees with the metallic nature of this
material.

To investigate the interaction between TCNQ and FGT,
a single molecule of TCNQ was positioned over a 4×4
supercell of the single FGT layer. Such a model results in
the distance of at least 7 Å to the next TCNQ molecule,
ensuring no significant electrostatic interaction between the
absorbed molecules. Six different configurations for the
deposition of TCNQ on FGT were optimized (Figure 8).
The electrostatic interactions between FGT and TCNQ
were analyzed by evaluating the adsorption energy, defined
as Eads=EFGT-TCNQ�(EFGT+ETCNQ), where EFGT-TCNQ, EFGT,
and ETCNQ are total energies of the hybrid FGT-TCNQ
heterostructure, pristine FGT, and TCNQ, respectively. The
value of Eads is exothermic in all six cases (Table 1),
indicating thermodynamic stability of all proposed config-
urations. The most stable adsorption is found for the four N
termini of the TCNQ molecule residing on top of four Ge

Figure 7. Magnetic properties of the FGT-TCNQ heterostructure: (a)
The temperature dependence of ZFC (black) and FC (red) magnetic
susceptibility measured under applied field of 100 Oe. (b) Normalized
magnetic hysteresis plot (red) measured at 1.8 K and its comparison to
the hysteresis of the bare exfoliated sheets (black).
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sites (Figure 8b), with Eads=�3.14 eV. The favorable nature
of these interactions is also confirmed by the side view of
the six FGT-TCNQ models (Figure S10), which reveals a
bending distortion of the TCNQ molecule, aiming to
optimize the interactions between the N termini and the
substrate.

It is worth mentioning that TCNQ was already theoret-
ically predicted to be stable over such substrates as CrI3 or
arsenene, with Eads values of �0.70 and �1.38 eV,
respectively.[27,66] Much stronger substrate-molecule interac-
tions, however, are predicted by our calculations on the
FGT-TCNQ heterostructures. We attribute this difference
to the much lower work function expected for FGT, in
comparison to CrI3 or arsenene, which should lead to a
facile electron transfer from the metallic layer to the
adsorbed TCNQ molecules. To evaluate the extend of the
electron transfer, we calculated Bader charges for pristine
FGT, an isolated TCNQ molecule, and the model FGT-
TCNQ heterostructure (Table S2). These calculations re-
vealed that the total charge on the Fe, Ge, and Te atoms
increases from the charge-neutral state in pristine FGT to
+1.1 in the FGT-TCNQ heterostructure, while the total
negative charge on the TCNQ molecule increases from 0
to�1.1 when going from the neutral molecule to the
heterostructure. Thus, the theoretical results confirm the
charge transfer from FGT to TCNQ observed experimen-
tally by IR and Raman spectroscopy, as discussed above.

Next, we calculated the magnetic anisotropy energy
(MAE) in both the pristine FGT and upon TCNQ deposi-
tion, obtaining values of 1.086 meV and 0.984 meV per Fe
atom for the former and the latter, respectively. This implies
that the perpendicular anisotropy of the system slightly
decreases upon TCNQ deposition, which arises from the
effective transfer of electrons from FGT to TCNQ. This
change in the MAE magnitude cannot justify the substantial
increase in the coercivity of the FGT-TCNQ heterostruc-
ture.

On the other hand, it has been shown that the coercive
field of FGT can be manipulated by gating, and the change
in Hc was directly related to the strength of the interlayer
exchange coupling (Jint) within the FGT structure.[67] Con-
sequently, we expect that the charge transfer from FGT to
TCNQ can modulate the value of Jint in FGT. Figure 9 shows
the computed variation in Jint (defined as the energy differ-
ence between the antiferromagnetic and ferromagnetic
states) and the MAE for bulk FGT as a function of hole
doping, which simulates the impact of TCNQ deposition at
different concentrations. It can be seen that, while hole
doping causes a reduction in MAE, the ferromagnetic nature
of Jint increases more rapidly, justifying an enhancement in
Hc. Hence, we attribute the dramatic increase in the
coercivity of the FGT-TCNQ heterostructure to the effect of
hole doping on the interlayer magnetic exchange in the FGT
sheets.

Conclusions

This work demonstrates that liquid-phase exfoliation, with
appropriate choice of organic solvent, provides a viable
pathway for larger-scale production of nanosheets of the
layered Fe3GeTe2 (FGT) ferromagnet. The nanosheets with
the average thickness from 6 nm to 19 nm preserve the
ferromagnetic behavior although the Curie temperature
(TC) gradually decreases with the decrease in the thickness

Figure 8. Top views of a TCNQ molecule adsorbed at different sites of
the single FGT layer, with the center of the molecule located above the
Fe (a), Ge (b), or Te (c) atoms or above the Fe�Te (d), Ge�Te (e), or
Fe�Ge (f) bonds. Color code: Fe= red, Ge=green, Te=dark blue,
C=black, N= light blue, H=pink.

Table 1: Adsorption energy (Eads) for a single TCNQ molecule on a 5-
atom-thick layer of FGT, with the center of TCNQ positioned above
different atoms or bonds of the single FGT layer.

Location Eads (eV) dmin, (Å)
[a]

Fe atoms �3.09 2.619
Ge atoms �3.14 2.557
Te atoms �2.62 3.010
Fe�Te bonds �2.90 2.691
Ge�Te bonds �2.91 2.624
Fe�Ge bonds �2.97 2.591

[a] The shortest distance between the TCNQ molecule and the FGT
layer, along the layer normal.

Figure 9. The effect of hole concentration on the values of magnetic
anisotropy energy (MAE) and interlayer magnetic exchange coupling
(Jint) in the bulk FGT.
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and lateral dimensions of the nanosheets. Similar to the
previously reported reactivity of the organic acceptor TCNQ
toward metallic surfaces, such as Cu or Ag, we have
observed the formation of FGT-TCNQ composites accom-
panied by electron transfer from the metallic nanosheets to
organic molecules. Most remarkably, however, the compo-
site material exhibits a 5-fold increase in coercivity as
compared to the initially exfoliated FGT nanosheets. This
increase was traced to the impact of hole doping on the
interlayer magnetic exchange in the FGT structure. These
findings suggest intriguing possibilities encoded in the
chemistry of systems composed of 2D magnets and redox-
active molecules. Our labs are currently exploring other
types of such systems to understand how the combination of
the magnetic and redox-active properties might dictate the
magnetic behavior of related solid-molecule heterostruc-
tures.

Supporting Information

Detailed experimental and theoretical protocols used in this
work, photographs of stepwise exfoliation and centrifugation
procedure, additional PXRD patterns, Raman and IR
spectra, SEM and TEM images, TGA data, magnetic plots,
and theoretical results.
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