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Intercalation of alkali metal is an effective way to tune the physicochemical property of polyaromatic
hydrocarbons. Herein, we show for the first time that the weak ferromagnetismwith a Curie temperature
of 5.2 K can be realized in an all-carbon p-electron compound e potassium-intercalated 9-
phenylanthracene. The magnetic measurements reveal that there exists an antiferromagnetic transi-
tion around 35 K before transition to the weak ferromagnetic phase. An in-depth theoretical investi-
gation indicates that the weak ferromagnetism is produced by the intramolecular ferromagnetic and
intermolecular antiferromagnetic spin couplings in the crystal unit cell. Our finding enriches the physical
functionality of anthracene derivatives and adds a new member of organic magnetic materials.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Organic magnetic materials based on molecules [1], polymers
[2e4], metal-organic frameworks [5e7] and carbon nanostructures
[8e16] have been attracting great attention due to their potential
applications in information storage and spintronics. It was found
that vacancies or adatoms play a vital role in producing room
temperature ferromagnetism in carbon nanostructures, including
highly oriented pyrolytic graphite [8e11], polymerized fullerenes
[12,13], and carbon nanotube [14,15]. As one large family of p-
electron systems, polyaromatic hydrocarbons (PAHs) also found
applications in magnetic materials besides their wide use in
organic synthesis and catalysis. For instance, biphenyl was used as
the spin coupler between two radicals, with either antiferromag-
netic (AFM) or ferromagnetic (FM) coupling being induced,
depending on the connection positions of radicals to biphenyl
hen), gaoyun@hubu.edu.cn

lly to this work.
[17,18]. In one-dimensional vanadium-benzene sandwich clusters,
the unpaired electron spins on the vanadium ds orbital couple
ferromagnetically through the intervening benzene ligands [19].
Moreover, it was shown that introduction of carbon dangling bond
into naphthalene under ultrasound treatment and low temperature
annealing can produce room-temperature ferromagnetism in this
simplest PAH [20]. Theoretical studies predicted that magnetic PAH
molecules such as coronene and corannulene can be obtained by
selectively hydrogenating their peripheral sites [21,22].

Recently, significant progresses have beenmade in searching for
organic magnets via alkali reduction of PAHs. Two binary caesium
salts of phenanthrene, Cs(C14H10) and Cs2(C14H10), were synthe-
sized by the reaction of Cs metal and phenanthrene in THF solution.
The magnetic measurements showed that whereas Cs2(C14H10) is
diamagnetic owing to orbital polarization, Cs(C14H10) is a Heisen-
berg antiferromagnet with a gapped spin-liquid state emerging
from the combination of low structural dimensionality and geo-
metric spin frustration [23]. Similar quantum spin-liquid behavior
was also observed in the potassium-reduced triphenylene com-
pound K2(C18H12)2(1,2-dimethoxyethane), in which strikingly
strong AFM coupling exists between nearest neighbor S¼ 1/2 spins
of (C18H12)·- radical anions [24]. Using mixed-metal reduction of
bowl-shaped corannulene, Spisak et al. synthesized a
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heterometallic sandwich-type aggregate, [Csþ//(C20H10
3�)4Kþ/

(C20H10
3�)//Csþ] [25]. The diamagnetic ground state of the new

heterometallic product indicates a weak AFM interaction between
two trianion radicals through the potassium belt in the sandwich.
They argued that the downsizing of the sandwiched alkali metals
belts could tune the coupling of radicals from AFM to FM in nature
[25].

Inspired by the above findings, we explore the magnetic prop-
erty of potassium-intercalated 9-phenylanthracene (K-intercalated
9-PAN), one of the derivatives of anthracene, which have been
widely used as organic light-emitting diodes [26], organic field-
effect transistors and organic photovolatic devices [27]. In each 9-
PAN molecule, one phenyl is connected to the 9-position of
anthracene. Here, we show that when potassium atoms are inter-
calated into the crystal of 9-PAN, the newly synthesized materials
exhibit AFM and FM transitions at 35 and 5.2 K, respectively.
Theoretical calculations reveal that the magnetism of K-interca-
lated 9-PAN is determined by combining the FM and AFM couplings
of unpaired electron spins on phenyl and anthracene anions, which
are formed through transferring electron from potassium to carbon
atom.

2. Experiments

2.1. Material synthesis

High-purity potassium metal (99% purity, Sinopharm Chemical
Reagent) was cut into small pieces and mixed with 9-PAN (>98%
purity, Tokyo Chemical Industry) with a nominal mole ratio of 3:1
in a glove box with the oxygen and moisture levels less than
0.1 ppm. The mixtures were then loaded into quartz tubes and
sealed under a vacuum about 1 � 10�4 Pa. The sample tubes were
treated in an ultrasound device at 75 �C for 10 h. After ultrasound
treatment, the samples tubes were heated at 150 �C for two days.

2.2. Material characterization

In each experimental run, some powder from the same tubewas
put into a nonmagnetic capsule, a capillary and a mylar film
covering sample cell, for the measurements of magnetization,
Raman scattering and X-ray diffraction (XRD), respectively. The
magnetization measurement was performed in a SQUID magne-
tometer (Quantum Design MPMS3) in the temperature range of
1.8e300 K. The crystal structures of pristine and potassium-
intercalated samples were examined with an XRD diffractometer
(Bruker D8 Advance). Chemical bonding and charge transfer pro-
cess were analyzed using a Raman Spectrometer (LabRAM HR
Evolution) that operated with a 633 nm laser of low power under
1 mW.

2.3. Theoretical calculations

The crystal and electronic structures of K-intercalated 9-PAN
were calculated by the plane-wave pseudopotential method as
implemented in the Vienna ab initio simulation package (VASP)
[28,29]. The generalized gradient approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) formula [30] for the exchange-
correlation potentials and the projector-augmented wave method
(PAW) [31] for ionic potential were used to model the electron-
electron and electron-ion interactions. Plane wave basis sets with
an energy cutoff of 450 eV and 3 � 3 � 3 Monkhorst-Pack k-points
mesh were adopted for geometry optimization. A finer 5 � 5 � 5 k-
point sampling scheme was used for calculating partial density of
states (PDOS). The convergence criteria for the energy and max
force are set to 10�4 eV and 0.01 eV/Å, respectively. The Raman
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active modes for single 9-PAN molecule were calculated based on
the density functional theory as implemented in Gaussian 09,
revision D.01 [32], and the functional M06e2X with Def2TZVPP
basis set was employed in the present work.

3. Results and discussion

3.1. Magnetic property of K-intercalated 9-PAN

Purchased 9-PAN exhibits a small and weak temperature-
dependent dc magnetic susceptibility c in the temperature range
of 1.8e300 K (see Figure S1 in the Supplementary Data), demon-
strating that there is no magnetic impurity in the non-intercalated
material. Upon intercalating potassium into 9-PAN, all synthesized
samples exhibit a clear FM transition at 5.2 K. The magnetic results
for one representative sample (labeled as A) are summarized in
Fig. 1. Fig. 1a shows c in the applied magnetic fields of 20, 100, and
1000 Oe with field cooling (FC) and zero-field cooling (ZFC) in the
temperature range of 1.8e50 K. Both FC and ZFC magnetic sus-
ceptibilities slowly increase with lowering temperature until 5.2 K,
where a sudden increase of c on cooling further signals a FM
transition. The inset of Fig. 1a shows the temperature dependence
of the ZFC magnetic susceptibility at 20 Oe in the region of
1.8e300 K. The data between 35 and 300 K can be well fitted by the
Curie-Weiss law (c ¼ C/(T-q)), with C ¼ 1.8 � 10�4emu$K$Oe�1$g�1

and q ¼ �35.1 K. The negative q indicates that there exist dominant
AFM interactions between unpaired electron spins. Fig. 1b displays
the magnified FC and ZFC magnetic susceptibilities at 20 and
100 Oe in the region of 1.8e50 K. With decreasing temperature, c
deviates the Curie-Weiss behavior around 35 K and meanwhile a
bifurcation appears between FC and ZFC curves, suggesting the
development of magnetic ordering. The slow increase of ZFC c
below 35 K and its flattening near 10 K indicate a development of
AFM order before phase transition to the FM state. A similar evo-
lution of c with lowering temperature was observed in CuF2(-
H2O)2(pyrazine), where the AFM and FM orderings develop at 10.5
and 4.3 K, respectively [33].

In Fig. 1c, we plot ZFC cT as a function of temperature in the
region of 1.8e10 K. One can clearly see that in the applied magnetic
field of 20 Oe, cT decreases continuously with lowering tempera-
ture and reaches aminimumof 3.4� 10�5emu$K$Oe�1$g�1 at 5.2 K,
below which cT turns to increase and reaches a maximum of
5.7 � 10�5emu$K$Oe�1$g�1 at 2.8 K, followed by a decrease until
1.8 K. As the magnetic field is increased to 100 Oe, the minimum
and maximum shift to 4.8 and 3.4 K, respectively, accompanying a
strong suppression of the hump structure. Further increasing of the
magnetic field to 1000 Oe results in a continuous decrease of cT
between 1.8 and 10 K. Such a strong magnetic field dependence of
cT and its temperature evolution are consistent with the findings
for several weak ferromagnets (canted antiferromagnets) [33e42].
Thus, the transition at 5.2 K observed in our samples corresponds to
a weak FM type. Similar to other weak ferromagnets, the small
spontaneous magnetization leads to a decrease of magnetic sus-
ceptibility with increasing magnetic field, as shown in Fig. 1a.

Further evidence for the existence of weak ferromagnetism in K-
intercalated 9-PAN is presented in Fig. 1d, showing the M � H
curves at 1.8 and 50 K in the region of �0.8-0.8 KOe. A linear
dependence of M on H at 50 K just reflects the paramagnetic
character before magnetic ordering. At the lowest accessible tem-
perature of 1.8 K, a clear magnetic hysteresis appears in the M � H
curve, and the coercivity (Hc) and remanent magnetization (Mr) are
about 50 Oe and 0.8 � 10�3 emu$g�1. Notice that beyond the
magnetic fields of �558 Oe and þ411 Oe, where the magnetic
hysteresis loop closes, M still keeps a linear dependence on H and
does not tend to reach saturation at high magnetic fields. This



Fig. 1. (a) The temperature dependence of the dcmagnetic susceptibility c for sample A in the applied magnetic fields of 20, 100, and 1000 Oe with ZFC and FC runs. The inset figure
shows ZFC c at 20 Oe and its fitting curve. (b) The magnified FC and ZFC cas a function of temperature at 20 and 100 Oe. (c) The temperature dependence of the product of ZFC c and
T at 20, 100, and 1000 Oe. (d) The magnetic field dependence of the magnetization M at 1.8 and 50 K. (A colour version of this figure can be viewed online.)
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special magnetic hysteresis loop has been observed in the typical
weak ferromagnets and attributed to the dominant AFM interaction
[34,38]. The weak FM transition at 5.2 K was also demonstrated in
three samples labeled as B, C and D (see Figures S2eS4 in the
Supplementary Data). In Fig. S4(b), we present the FC magnetic
susceptibilities measured by Quantum Design (QD) and our group
for Palladium Standard provided by QD. Our measurement for
Palladium Standard was performed along with sample D on the
same day. One can clearly see that QD and our measurements
exhibit a very similar magnetic behavior in the temperature range
of 1.8e300 K. This demonstrates that the SQUID magnetometer
works normally in our laboratory and the weak FM transition at
5.2 K reflects the intrinsic property of K-intercalated 9-PAN. Herein,
we would like to point out that the weak ferromagnetism in K-
intercalated 9-PAN is unlikely to be related to defects created in the
intercalation process, since the magnetic transition temperature
induced by defects usually is above room temperature, and the
typical examples include highly oriented pyrolytic graphite [8e11]
and ZnO [43,44].

3.2. Crystal and electronic structures of K-intercalated 9-PAN

Fig. 2 displays the XRD patterns of pristine and K-intercalated
materials. K39-PAN-A and K39-PAN-B in the figure correspond to
samples A and B, respectively. Pristine 9-PAN crystallizes in the
triclinic space group P1, with two molecules of C20H14 in a unit cell
of dimensions a ¼ 6.247 Å, b ¼ 10.259 Å, c ¼ 10.779 Å, and
V ¼ 654.7 Å3. The two strongest peaks at 8.5� and 16.9� for the
pristine material are in good agreement with the ones in the
standard powder diffraction file (PDF) card. The rather weak peak
at 20.6� compared with the PDF card indicates that purchased 9-
PAN has a preferred orientation growth along the [001] direction.
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Upon intercalating potassium, three new peaks appear at 7.3�, 9.7�,
and 21.9�, which do no match with the peaks in the standard PDF
card. A detailed comparison between measured results and the
XRD patterns of K and KH indicates that the peaks marked by A

and * actually correspond to potassium and KH, respectively. The
by-product KH may originate from the reaction of potassium with
hydrogen at the active 10-position of anthracene.

To identify the crystal structure of K-intercalated 9-PAN, we
inserted potassium atoms into the interstitial space of 9-PAN ac-
cording to the mole ratios of 1:1 and 2:1 between potassium atoms
and 9-PAN molecules, and then performed a full relaxation of
atomic positions. The optimized results showed that one crystal
structure with a mole ration of 2:1 can reflect the main character of
the measured XRD results, and the atomic positions of C, H, and K
can be found in the Supplementary Data. In this crystal, two 9-PAN
molecules and four K atoms distribute in a unit cell of dimensions
a¼ 7.288 Å, b¼ 12.851 Å, c¼ 9.745 Å, a¼ 82.935�, b¼ 70.930�, and
g ¼ 66.804�, as shown in Fig. 3a. The powder XRD pattern based on
the searched crystal, as indicated by “Calculated” in Fig. 2, is in good
agreement with the measured one. The very weak peaks near 15.9�

compared with the theoretical modelling are possible due to
preferred orientation growth of synthesized materials, similar to
the case of purchased 9-PAN.

The green arrows in Fig. 3a stand for the unpaired electron spins
on charged phenyls and anthracenes, and the numbers besides the
arrows indicate their amplitudes in the unit of mB. It is clear to see
that the spins on the same 9-PAN molecule tend to align in the
same direction, while those on different molecules in the unit cell
prefer an antiparallel alignment. Summation of all unpaired spins in
the unit cell results in a small but nonzero total spin (0.0018 mB), as
indicated by the purple arrow. The spin arrangement in Fig. 3a was
determined by a comparison of the energies of three typical



Fig. 2. XRD patterns of pristine and K-intercalated 9-PAN measured at room temperature. In Figs. 2 and 4, 9-PAN, K39-PAN-A, and K39-PAN-B correspond to pristine 9-
phenylanthracene, samples A and B, respectively. The symbols A and * indicate the XRD patterns which match with K and KH. “Calculated” represents the calculated XRD
pattern of optimized structure in Fig. 3a. (A colour version of this figure can be viewed online.)
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magnetic configurations, i.e., AFM-1 (intramolecular ferromagnetic
and intermolecular antiferromagnetic), AFM-2 (intramolecular
antiferromagnetic and intermolecular antiferromagnetic) and FM
(intramolecular ferromagnetic and intermolecular ferromagnetic)
(see Figure S5 in the Supplementary Data). Among the three
magnetic configurations, AFM-1 has an energy about 48.6 and
9.0 meV lower than AFM-2 and FM, respectively, indicating that
AFM-1 is the magnetic ground state and the intramolecular spin
coupling is much stronger than the intermolecular one.

On the basis of theoretical calculations, the results presented in
Fig. 1 can be understood as follows. In the paramagnetic regime
(above 35 K), the spins within each molecule parallelly align due to
the strong intramolecular spin coupling, but no magnetic ordering
is formed between molecules. Below 35 K, the AFM ordering be-
tween molecules is formed by the intermolecular spin coupling,
and the nonzero total spin renders a FM response in the low tem-
perature region. There exist two significant differences from pre-
viously reported weak ferromagnets [33e42]. One is that the
unpaired electron spins originate from the p-electrons in K-inter-
calated 9-PAN, while the d-electron or radical is the source of spins
in CuF2(H2O)2(pyrazine) [33], [Mn3{C6H3(COO)3}2] [34], Fe(pyr-
imidine)2Cl2 [38], sulfur-nitrogen dithiadiazolyl [41], and 2,4,6-
triphenylverdazyl [42]. The other one is that the weak ferromag-
netism reported before is induced by canting of antiferromagneti-
cally ordered spins with the same amplitude, however, the
amplitudes of spins also play a role in forming the weak ferro-
magnetism in K-intercalated 9-PAN, manifested by the numbers
beside the green arrows.

Fig. 3b shows the band structure of K-intercalated 9-PAN, and
the corresponding partial density of states (PDOS) and spin-
dependent density of states (DOS) are presented in Fig. 3c and d.
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One can clearly see that the Fermi level marked by the black dashed
line crosses two overlapped bands spanning in a narrow energy
region, which are formed from the lowest unoccupied molecular
orbital (LUMO) of 9-PAN. The PDOS in Fig. 3c indicate that the states
in the vicinity of the Fermi energy are dominated by the C 2p
orbital, while the C 2s and K 4s orbitals have a negligible contri-
bution. This result demonstrates that the K 4s electron is trans-
ferred to the p-orbital of 9-PAN. The nearly symmetric spin-
dependent DOS in Fig. 3d are similar to the characters of conven-
tional antiferromagnet [45], reflecting the fact that spin-up and
spin-down unpaired electrons alternatively distribute on the 9-PAN
molecules (Fig. 3a). The negative DOS difference between spin-up
and spin-down electrons indicates that the down spin has larger
DOS than the up spin, leading to a small but nonzero total spin in
the unit cell (See Figure S6 in the Supplementary Data). Moreover,
the closeness between total and C-2p DOS differences shown in
Figure S5 demonstrates that the C 2p orbital is the dominant
contribution to the total spin and weak ferromagnetism in K-
intercalated 9-PAN.

To exclude the effect of defects on the weak ferromagnetism, we
performed a theoretical study of the defect magnetism in K-inter-
calated 9-PAN. Considering the active 10-position of anthracene
and by-product KH in the XRD patterns, the most possible defect in
K-intercalated 9-PAN corresponds to carbon dangling bond at the
10-position of anthracene. In our theoretical calculations, we first
built two carbon dangling bonds in a 2� 2� 1 supercell containing
160 C atoms,112 H atoms and 16 K atoms, by removing two H atoms
at the 10-position of two 9-PAN molecules. Then we computed the
total energies for FM and AFM arrangements of two carbon
dangling bonds. The obtained results showed that the FM
arrangement has an energy about 57 meV lower than the AFM one,



Fig. 3. (a) The arrangement of molecules and potassium in synthesized material is shown in an 1 � 1 � 1 supercell. The black and blue balls represent carbon and potassium atoms,
respectively. The hydrogen atoms are not given in the figure for clarity. The green arrows stand for the unpaired electron spins on phenyls and anthracene anions, and the total spin
is indicated by the purple arrow. (c) The band structure of K-intercalated 9-PAN. (c) Orbital-resolved partial density of states (PDOS) as a function of energy. The red, blue, green, and
purple solid lines represent PDOS of C-2p, C-2s, K-4s, and K-4p, respectively. (d) Spin dependent total density of states (DOS) vs. energy. (A colour version of this figure can be
viewed online.)
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indicating that two carbon dangling bonds favor a FM ordering at
high temperature. Therefore, defects are unlikely to contribute to
the weak FM transition at 5.2 K.

3.3. Raman spectra of pristine and K-intercalated 9-PAN

The weak FM phase was further characterized by the phase-
sensitive Raman spectroscopy. Fig. 4 shows the Raman spectra for
pristine and K-doped 9-PAN, as well as the theoretically calculated
results for single 9-PAN molecule with zero, one and two charges
(scaled by a factor of 0.99). One can readily see that the calculated
spectra are in good agreement with the measured ones for pristine
9-PAN, except for a systematic blueshift of calculated peak positions
compared with the experimental results. The main character of the
spectra for intercalated materials (i.e., one dominant peak at
1351 cm�1) can be qualitatively reflected by the calculated results
with two charges. This provides a strong support for the mole
ration of 2:1 in K-intercalated 9-PAN.

The Raman active modes of pristine 9-PAN in the frequency
range of 50e2000 cm�1 can be divided into four regions: lattice,
CeCeC bending, CeH bending, and CeC stretching. The mode at
397 cm�1 corresponds to the skeletal deformation of anthracene
[46]. The two modes at 692 and 1001 cm�1 are associated with the
CeH bending in the whole molecule and in phenyl, respectively
[47]. In the high-frequency region, the twomodes at 1358 and 1411
cm-1 involve the CeC stretching and CeH bending in both
anthracene and phenyl, while the ones at 1559 and 1595 cm�1

correspond to the CeC stretching in anthracene [46] and phenyl
[47], respectively. When potassium atoms ate intercalated into 9-
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PAN, all lattice modes are strongly suppressed and the seven
modes mentioned above shift down by 7, 14, 2, 40, 60, 22, and
11 cm�1, respectively. The redshift phenomenon of Raman modes
with potassium intercalating is similar to the situation of K-inter-
calated picene [48], phenanthrene [49], and triphenylbismuth [50],
which has been attributed to the softening effect of transferred
electron from metal to organic molecule. Notice that the red shifts
for the two modes at 1358 and 1411 cm�1 are much larger
compared with the other five modes. This difference is under-
standable in terms of the characters of atomic vibrations. While the
atoms in both anthracene and phenyl have equally important
contributions to the modes at 1358 and 1411 cm�1, the other five
modes are dominated by the atoms in either anthracene or phenyl.
As a result, mutual influences of atomic vibrations between
anthracene and phenyl, particularly those close to the CeC single
bond, produce a stronger softening for the former two modes.

4. Conclusions

The results presented in this paper provide unambiguous evi-
dence for the weak ferromagnetism in K-intercalated 9-PAN. The
combination of theoretical calculations and Raman spectra in-
dicates that the magnetism is produced by transferring electron
from potassium 4s orbital to carbon 2p orbital on 9-PAN. The un-
paired electron spins of phenyl and anthracene anions within the
same molecule favor a parallel alignment, while the ones on
different molecules in the unit cell prefer an antiparallel alignment,
leading to the observed AFM transition at 35 K and weak FM
transition at 5.2 K. Similar to other weak ferromagnets containing



Fig. 4. Raman scattering spectra of pristine and K-intercalated9-PAN collected at room temperature. Four regions of Raman active modes, divided by the vertical dashed lines, are
shown above the spectra of pristine material. “Calculated-0/1/2” represents the theoretical result for single 9-PAN molecule with 0, 1, or 2 charges. (A colour version of this figure
can be viewed online.)
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transition metal atoms or organic radical, canting of antiferro-
magnetically ordered spins is responsible for the formation of weak
ferromagnetism. However, one essential difference from previous
reports is that the unpaired electron spins are from the p-electron
in K-intercalated 9-PAN, but not from the d-electron of transition
metal atom or 2p-electron of radical. This study not only enriches
the functionality of 9-PAN but also extends the scope of weak
ferromagnets.
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