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The charge transfer and spin coupling effects are explored at the
interface of two-dimensional (2D) superconducting FeSe
photochromic potassium-7,7,8,8-
tetracyanoquinodimethane (KTCNQ). Light-induced conductivity in
2D FeSe nanosheets is enhanced by the electron doping from
KTCNQ by the destabilized spin-Peierls phase through their
interface. Furthermore, the spin coupling at the interface of FeSe
and KTCNQ shifts the dimerization transition temperature of
KTCNQ. Our results suggest 2D exfoliated FeSe nanosheet as a
versatile strongly correlated platform for the study of interfacial
electron doping and spin coupling.

nanosheets and molecular

Two-dimensional (2D) superconducting FeSe is crystallized in
tetragonal layered structure with the space group of P4/nmm
by stacking the edge-shared tetrahedral FeSe, layers. The bulk
FeSe compound has a superconducting transition temperature
T. of 8 K,[1I which can be largely improved by pressure,2!
chemical doping,B3] intercalation*®] and electro-gating
methods.[®] The electron interactions in 2D FeSe layers are
believed to play an important role in the strongly correlated
phenomena discovered in Fe-based superconductors, such as
spin fluctuation,!”] nematic order,[89! interfacial effect,[1% spin
density wavel'll and orbital-selective correlation.[2l Despite the
intensive experimental and theoretical studies, the mechanism
of electron doping and spin coupling effects in 2D FeSe sheets is
still lacking.l3] In this context, molecular charge-transfer
complexes (MCTs) provide an efficient method to tune the
electron concentration in FeSe layers. To validate the electron-
doping and spin coupling between FeSe layer and MCTs, it is
crucial to have direct and clear evidence for the charge-transfer
interaction across the interface, particularly light-responsive
MCTs.
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To investigate the strongly correlated phenomena through the
interfacial effect between 2D FeSe and light-responsive MCT
systems for the coupling interactions of charge, spin, orbital and
lattice, we select photochromic potassium-7,7,8,8-
tetracyanoquinodimethanel!4! (KTCNQ) as a prototypical MCT
model system which is a classical quasi-one-dimensional (1D)
spin-Peierls system,[!3] presenting 1D antiferromagnetic spin
order and anion dimerization driven by spin-lattice (s-/)
interaction. Therefore, spin coupling and electron doping could
appear at the interface between 2D FeSe layer and KTCNQ.
Generally, KTCNQ is a Mott insulator over the broad
temperature range above and below the dimerization
temperature T4 of 395 K.[26] At the critical temperature Ty, two
adjacent TCNQ- radicals dimerize in the chains and form a spin-
singlet state that are caused by the s-/ coupling. A sharp
decrease of magnetic susceptibility occurs as the temperature
below T4 at which a spin gap forms. Here, we report the photo-
induced charge transfer and spin coupling at the interface
between KTCNQ and 2D exfoliated FeSe layer. The conductivity
in 2D FeSe nanosheets can be significantly enhanced by electron
doping from KTCNQ under light illumination, while the
dimerization temperature in KTCNQ is improved from 389 K to
395 K through the interaction with 2D FeSe nanosheets.

Superconducting FeSe bulk is synthesized by solid state
sintering at a relatively lower temperature than that of the
previous reports.[117] As shown in Fig. 1a, the FeSe solids are
grinded and loaded into the acetonitrile solvent for liquid
exfoliation to obtain 2D FeSe nanosheets. The interfacial FeSe-
KTCNQ heterostructure is prepared by depositing a KTCNQ layer
on 2D FeSe nanosheets. The synthesized FeSe solid appearsin a
two-dimensional layered structure as shown in the scanning
electron microscopy (SEM) image (Fig. 1b). The 2D layered FeSe
sheets stack together through Van der Waals force. These
structural features facilitate the liquid exfoliation to obtain 2D
FeSe nanosheets, where liquid exfoliation can efficiently
produce large-scale FeSe nanosheets from its bulk layered
solid.l'8 Submicron-scale 2D FeSe nanosheets shown in the
transmission electron micros-copy image (TEM, Fig. 1c) are
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exfoliated from FeSe in the acetonitrile solvent. A large specific
surface area of 2D FeSe nanosheets facilitates the interface
coupling with the molecular photochromic KTCNQ layer (Fig.
1d). X-ray diffraction (XRD) (Fig. 1e) confirms the existence of /-
FeSe phase, while the KTCNQ phase is resolved in XRD of the
exfoliated FeSe nanosheets together with KTCNQ.
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Figure 1. (a) Schematic diagrams of the processes of FeSe powder synthesis and liquid
exfoliation of 2D FeSe nanosheets; (b) SEM image of FeSe powder; (c) the TEM image of
exfoliated 2D FeSe nanosheets; (d) SEM image of KTCNQ crystal; (e) X-ray diffraction
patterns of FeSe powder, KTCNQ and KTCNQ mixed with FeSe nanosheets with a molar
ratio of n(FeSe) : n(KTCNQ) = 0.0096.

The 2D exfoliated FeSe nanosheets maintain its
superconducting diamagnetism feature as shown in the bulk
solid. Figure 2a shows the superconducting transition
temperature of 8 K in pristine bulk FeSe powder and the
exfoliated 2D FeSe nanosheets. The zero-field-cooling (ZFC) and
field-cooling (FC) susceptibility curves are measured for pristine
and 2D exfoliated FeSe from 20 K to 5 K under an external
magnetic field H = 50 Oe. For 2D exfoliated FeSe nanosheets, a
strong positive magnetic background leads to a non-negative
diamagnetic signal at 5 K. In addition, the current versus voltage
(I-V) curves of 2D exfoliated FeSe nanosheets under dark and
light illumination suggest its semiconducting and weak
photoresponsive behavior at room temperature (Fig. 2b).
Derived from the /-V curves, the resistance versus voltage
curves (shown in Fig. 2c) of 2D FeSe nanosheets show the
resistivity at 1 V decreases by 20.8% from dark to illumination.
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Figure 2. Magnetic properties of FeSe and I-V curves of exfoliated FeSe nanosheets under
dark and light illumination. (a) Diamagnetic transition of FeSe superconductor and
exfoliated FeSe nanosheets show the same superconducting transition temperature of 8
K under an external magnetic field of 50 Oe. (b) Current versus voltage curves of
exfoliated FeSe nanosheets show few differences under dark and light illumination. (c)
Resistance versus voltage curves of exfoliated FeSe nanosheets derived from (b) show
the decrease of resistance under light illumination.

The light-induced charge transfer from photochromic KTCNQ
and the subsequent electron doping into FeSe nanosheets can
result in the coupling behavior at the interface between FeSe
layer and KTCNQ. Figure 3a illustrates the charge transfer and
electron doping between FeSe layer and KTCNQ under light
illumination. The light-induced current density in 2D FeSe layer
with KTCNQ deposition is largely improved compared to that of
the FeSe only structures. The charge transfer enhanced current
density is plotted in Fig. 3b, which is the difference in current
densities of FeSe nanosheets before and after KTCNQ coating.
The current density enhancement in FeSe nanosheets can be
explained by charge transfer at the interface between KTCNQ
and 2D FeSe layer (Fig. 3a) under light illumination, and
photoinduced destabilization of spin-Peierls (SP) phase in
KTCNQ.[*®l Under light illumination, electron transferred from K
to TCNQ moves to the adjacent TCNQ~ site, forming the
localized electron and hole carriers that destabilize the SP
phase. The melting of dimerization is basically stimulated by
near-infrared photons with energy around 1 eV, |eading to
charge transfer, (TCNQ-, TCNQ™) — (TCNQ? TCNQZ). As an
active radical, TCNQZ™ can transfer one electron through the
interface to 2D FeSe nanosheets, leading to the enhanced
conductivity in FeSe layer. The charge transfer is also indirectly
verified by the contrast experiment where KTCNQ is physically
put on the top of FeSe nanosheets without forming an interface
(Fig. S3). Due to the interfacial charge transfer of KTCNQ-FeSe
under light illumination, the photoinduced current density in
FeSe layer indeed follows the on-off cycle of light illumination
as shown in Fig. 3b. Under the dark condition, TCNQZ™ recovers
back to TCNQ by extracting one electron from 2D FeSe layer
to reduce the carrier con-centration in FeSe layer, while the
TCNQ stacks return back to SP phase. The possibility of TCNQ2~
radical donating one electron back to K* for the formation of a
neutral potassium can be ruled out due to the stability and
recyclability of the FeSe-KTCNQ device.

Another strongly correlated coupling phenomenon at the FeSe-
KTCNQ interface is the tunable structural transition in KTCNQ
through the interfacial interaction with 2D FeSe nanosheets.
The temperature dependent susceptibility of KTCNQ and FeSe-
KTCNQ show the structural transition temperature T4 increases
from 389 K to 395 K by the incorporation of 2D FeSe nanosheets
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(Fig. 3d). In comparison, magnetic susceptibility of KTCNQ
decreases linearly from high temperature to structural
transition temperature T4 that is manifested from the ZFC and
FC curves (Fig. S5). As increasing the ratio of n(FeSe):n(KTCNQ),
magnetic susceptibility is increased, as well as the structural
transition temperature Td, as shown in Fig. 3d and S7. The
KTCNQ is a spin-Peierls system in which s-/ interaction
determines the stability of SP phase by modulating the
antiferromagnetic exchange coupling strength J. Thus, when
temperature decreases to the structural transition temperature
T4, two adjacent TCNQ are dimerized to form a spin-singlet state
with opposite spin orientations and a distorted lattice. The
dimerization in KTCNQ can be controlled by the spin-spin
interaction between KTCNQ and 2D FeSe nanosheets, due to
the spin ordering contribution of FeSe nanosheets. Before the
structural transition in KTCNQ, FeSe nanosheets could induce a
ferromagnetic ordering at the interface of FeSe-KTCNQ as
shown in Fig. S6 that could drive the spins of TNCQ into a singlet
state, forming a dimerized phase. The spin coupling is also
confirmed by the contrast experiment in which KTCNQ and FeSe
powder are mixed mechanically, showing no change of T4 (Fig.
S8). Therefore, the improved dimerization temperature T4 of
KTCNQ could be understood by an interfacial spin coupling that
enhances the spin-lattice interaction in KTCNQ due to the
formation of KTCNQ-FeSe interface. In addition, the quantum
size effects of FeSe layers (numbers and surface area) on
prominent properties of FeSe-KTCNQ interface are significant
topics and worth further investigation which lie beyond the
focus of this communication.
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Figure 3. (a) Schematic process of charge transfer at the interface of FeSe-KTCNQ. (b)

360

Light-induced current enhancement in FeSe nanosheets layer. The calculation of A is
described in the supporting information and Fig. S2 (c) The dimerization temperature T4
is tuned by the quantities of FeSe nanosheets. (d) The high temperature magnetic
susceptibility of KTCNQ and KTCNQ mixed with FeSe nanosheets of n(FeSe) : n(KTCNQ) =
0.0096 show the varied T4 from 389 K to 395 K.

In conclusion, we design and synthesize 2D exfoliated
superconducting FeSe layer which maintains the characteristics
of its bulk counterpart. Molecular charge transfer complex
KTCNQ can be incorporated into 2D FeSe layer for the studies of
light induced charge transfer and electron doping. We

demonstrate KTCNQ is a charge-transfer medium which injects

This journal is © The Royal Society of Chemistry 20xx

ChemComm

charge into 2D FeSe nanosheets through the interface under
light illumination. The photoconductivity in 2D FeSe layer can
be enhanced through the charge transfer from KTCNQ. The
dimerization temperature T4 of KTCNQ can also be improved by
the formation of FeSe-KTCNQ interface, where the spin coupling
at the interface enhances the spin-lattice interaction in KTCNQ
to suggest spin-Peirels mechanism of high-temperature
structural transition in KTCNQ. Our results show 2D exfoliated
FeSe nanosheets as a versatile strongly correlated platform to
open up the electron doping studies in iron-based
superconductors.

Conflicts of interest

The authors declare no competing financial interests.

Acknowledgment

The U.S. Department of Energy, Office of Basic Energy Sciences,
Division of Materials Sciences and Engineering supports S.R.
under Award DE-SC0018631 (Organic conductors). Financial
support was pro-vided by the U.S. Army Research Office supports
S. R. under Award W911NF-18-2-0202 (Materials-by-Design and
Molecular Assembly).

References

(1) Hsu, F.-C.; Luo, J.-Y.; Yeh, K.-W.; Chen, T.-K.; Huang, T.-W.; Wu,
P. M.; Lee, Y.-C.; Huang, Y.-L.; Chu, Y.-Y.; Yan, D.-C.; Wu, M.-K.
Superconductivity in the PbO-type structure alpha-FeSe. Proc.
Natl. Acad. Sci. USA 2008, 105, 14262-14264.

(2) Medvedev, S.; McQueen, T. M.; Troyan, I. A.; Palasyuk, T.;
Eremets, M. |.; Cava, R. J.; Naghavi, S.; Casper, F.; Ksenofontov,
V.; Wortmann, G.; Felser, C. Electronic and magnetic phase
diagram of beta-Fe1 0;1Se with superconductivity at 36.7 K under
pressure. Nat. Mater. 2009, 8, 630-633.

(3) Guo,J.G.;lin,S. F.; Wang, G.; Wang, S. C.; Zhu, K. X.; Zhou, T. T,;
He, M.; Chen, X. L. Superconductivity in the iron selenide
K«FeaSes (0 <= x <= 1.0). Phys. Rev. B 2010, 82, 180520(R).

(4) Lu, X.F.; Wang,N.Z.; Wu, H.; Wu, Y. P.; Zhao, D.; Zeng, X. Z.; Luo,
X. G.; Wu, T.; Bao, W.; Zhang, G. H.; Huang, F. Q.; Huang, Q. Z.;
Chen, X. H. Coexistence of superconductivity and
antiferromagnetism in (Lio.sFeo2)OHFeSe. Nat. Mater. 2015, 14,
325-329.

(5) Burrard-Lucas, M.; Free, D. G.; Sedlmaier, S. J.; Wright, J. D,;
Cassidy, S. J.; Hara, Y.; Corkett, A. J.; Lancaster, T.; Baker, P. J.;
Blundell, S. J.; Clarke, S. J. Enhancement of the superconducting
transition temperature of FeSe by intercalation of a molecular
spacer layer. Nat. Mater. 2013, 12, 15-19.

(6) Shiogai, J.; Ito, Y.; Mitsuhashi, T.; Nojima, T.; Tsukazaki, A.
Electric-field-induced superconductivity in electrochemically
etched ultrathin FeSe films on SrTiO3 and MgO. Nature Physics
2015, 12, 42-46.

(7) Rahn, M. C.; Ewings, R. A.; Sedlmaier, S. J.; Clarke, S. J,;
Boothroyd, A. T. Strong(m,0)spin fluctuations in—-FeSeobserved
by neutron spectroscopy. Phys. Rev. B 2015, 91.

(8) Wang, Q.; Shen, Y.; Pan, B.; Hao, Y.; Ma, M.; Zhou, F.; Steffens,
P.; Schmalzl, K.; Forrest, T. R.; Abdel-Hafiez, M.; Chen, X.;
Chareev, D. A.; Vasiliev, A. N.; Bourges, P.; Sidis, Y.; Cao, H.; Zhao,

J. Name., 2013, 00, 1-3 | 3



2R slChemEomm =1 sls

COMMUNICATION Journal Name

J. Strong interplay between stripe spin fluctuations, nematicity
and superconductivity in FeSe. Nat Mater 2016, 15, 159-163.

(9) Kang, J.; Fernandes, R. M.; Chubukov, A. Superconductivity in
FeSe: The Role of Nematic Order. Phys. Rev. Lett. 2018, 120,
267001.

(10) Wang, Q.-Y.; Li, Z.; Zhang, W.-H.; Zhang, Z.-C.; Zhang, J.-S.; Li, W.;
Ding, H.; Ou, Y.-B.; Deng, P.; Chang, K.; Wen, J.; Song, C.-L.; He,
K.; Jia, J.-F.; Ji, S.-H.; Wang, Y.-Y.; Wang, L.-L.; Chen, X.; Ma, X.-
C.; Xue, Q-K. |Interface-Induced High-Temperature
Superconductivity in Single Unit-Cell FeSe Films on SrTiOs. Chin.
Phys. Lett. 2012, 29, 037402.

(11) Shiyong, T.; Yan, Z.; Miao, X.; Zirong, Y.; Fei, C.; Xin, X.; Rui, P.;
Difei, X.; Qin, F.; Haichao, X.; Juan, J.; Tong, Z.; Xinchun, L.; Tao,
X.; Jiangping, H.; Binping, X.; Donglai, F. Interface-induced
superconductivity and strain-dependent spin density waves in
FeSe/SrTiO 3 thin films. Nat. Mater. 2013, 12, 634-640.

(12) Sprau, P. O.; Kostin, A.; Kreisel, A.; Bohmer, A. E.; Taufour, V.;
Canfield, P. C.; Mukherjee, S.; Hirschfeld, P. J.; Andersen, B. M.;
Davis, J. C. S. Discovery of orbital-selective Cooper pairing in
FeSe. Science 2017, 357, 75-80.

(13) Bohmer, A. E.; Kreisel, A. Nematicity, magnetism and
superconductivity in FeSe. J Phys Condens Matter 2018, 30,
023001.

(14) Mo, X.-L.; Chen, G.-R.; Cai, Q.-J.; Fan, Z.-Y.; Xu, H.-H.; Yao, Y.;
Yang, J.; Gu, H.-H.; Hua, Z.-Y. Preparation and electrical/optical
bistable property of potassium tetracyanoquinodimethane thin
films. Thin Solid Films 2003, 436, 259-263.

(15) Lépine, Y., Caillé, A.; Larochelle, V. Potassium-
tetracyanoquinodimethane (K-TCNQ): A spin-Peierls system.
Physical Review B 1978, 18, 3585-3592.

(16) Vegter, J. G.; Hibma, T.; Kommandeur, J. New phase transitions
in simple M-TCNQ-salts. Chem Phys Lett 1969, 3, 427-429.

(17) Mizuguchi, Y.; Tomioka, F.; Tsuda, S.; Yamaguchi, T.; Takano, Y.
Superconductivity at 27K in tetragonal FeSe under high pressure.
Applied Physics Letters 2008, 93, 152505.

(18) Coleman, J. N.; Lotya, M.; O'Neill, A.; Bergin, S. D.; King, P. J.;
Khan, U.; Young, K.; Gaucher, A.; De, S.; Smith, R. J.; Shvets, . V.;
Arora, S. K.; Stanton, G.; Kim, H.Y.; Lee, K.; Kim, G. T.; Duesberg,
G.S.;Hallam, T.; Boland, J.J.; Wang, J. J.; Donegan, J. F.; Grunlan,
J. C.; Moriarty, G.; Shmeliov, A.; Nicholls, R. J.; Perkins, J. M,;
Grieveson, E. M.; Theuwissen, K.; McComb, D. W.; Nellist, P. D.;
Nicolosi, V. Two-dimensional nanosheets produced by liquid
exfoliation of layered materials. Science 2011, 331, 568-571.

(19) lkegami, K.; Ono, K.; Togo, J.; Wakabayashi, T.; Ishige, Y.;
Matsuzaki, H.; Kishida, H.; Okamoto, H. Ultrafast photoinduced
melting of spin-Peierls phase in the organic charge-transfer
compounds alkali-tetracyanoquinodimethane. Physical Review
B 2007, 76, 085106

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Pleaserd (sl {:1n(se) i1 Niarsing

Journal Name COMMUNICATION

Table of Contents

Instability of SP phase

————

TC”°H’ // M I

Light illumination Charge transfer

The 2D FeSe hybrid interface exhibits charge transfer triggered
strongly correlated phenomena under light illumination.
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