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Ferromagnetic two-dimensional crystals: Single layers of K2CuF4

B. Sachs,1,* T. O. Wehling,2,3 K. S. Novoselov,4 A. I. Lichtenstein,1 and M. I. Katsnelson5

1I. Institut für Theoretische Physik, Universität Hamburg, Jungiusstraße 9, D-20355 Hamburg, Germany
2Institut für Theoretische Physik, Universität Bremen, Otto-Hahn-Allee 1, D-28359 Bremen, Germany

3Bremen Center for Computational Materials Science, Universität Bremen, Am Fallturm 1a, D-28359 Bremen, Germany
4School of Physics and Astronomy, University of Manchester, Manchester M13 9PL, United Kingdom

5Radboud University of Nijmegen, Institute for Molecules and Materials, Heijendaalseweg 135, NL-6525 AJ Nijmegen, The Netherlands
(Received 8 July 2013; published 8 November 2013)

The successful isolation of graphene ten years ago has evoked a rapidly growing scientific interest in the
nature of two-dimensional (2D) crystals. A number of different 2D crystals has been produced since then, with
properties ranging from superconductivity to insulating behavior. Here, we predict the possibility for realizing
ferromagnetic 2D crystals by exfoliating atomically thin films of K2CuF4. From a first-principles theoretical
analysis, we find that single layers of K2CuF4 form exactly 2D Kosterlitz-Thouless systems. The 2D crystal
can form a free-standing membrane, and exhibits an experimentally accessible transition temperature and robust
magnetic moments of 1μB per formula unit. 2D K2CuF4 unites ferromagnetic and insulating properties and is a
demonstration of principles for nanoelectronics such as novel 2D-based heterostructures.
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Introduction. The large variety of two-dimensional (2D)
atomic crystals which are available to us1,2 comprise into a
very rich class of materials, which collectively covers a large
diversity of properties. Also, the recent progress in creating
heterostructures made from individual atomic crystals3–5 al-
lowed the investigation of such phenomena as Coulomb drag6

and the Hofstadter butterfly,7–9 but also facilitated the creation
of novel, often multifunctional, devices, such as tunneling
transistors10,11 and photovoltaic devices.12–14

One property which has been missing, however, is the ferro-
magnetism, which remains an elusive phenomenon in 2D crys-
tals for a number of reasons, including chemical instabilities
of such compounds and the nature of the Kosterlitz-Thouless
transition. It would be extremely interesting to obtain stable 2D
ferromagnetic crystals both for the purposes of experiments on
Kosterlitz-Thouless transitions and for possible applications
in heterostructures (such as spin-polarized electrodes for
spintronic applications in heterostructures based on 2D atomic
crystals).

Here, we propose to realize ferromagnetic 2D crystals by
exfoliating monolayers of K2CuF4. Based on our ab initio
theoretical studies, we show that the structural properties of
2D K2CuF4 are preserved under exfoliation and find cleavage
energies comparable to other layered materials that allow for
exfoliation, such as graphite. We demonstrate the Kosterlitz-
Thouless type of ferromagnetism in 2D K2CuF4 and calculate
the transition temperature. 2D K2CuF4 does not require
substrate support, turns out to be robust in the magnetism, and
is therefore highly promising for novel applications as well as
fundamental studies of the Kosterlitz-Thouless transition in a
real 2D material.

K2CuF4 is a layered double perovskite that belongs to
the class of K2MF4 (M = Mn, Fe, Co, Ni, Cu)15 materials.
Its crystal structure was an object of intense research more
than three decades ago.16–18 The bulk system is built up from
layers with a respective thickness of three atoms in an alternate
stacking [Fig. 1(a)]. Thereby, one layer is composed of a Cu-F2

plane sandwiched by two K-F planes. Each Cu atom is thus

surrounded by six F atoms, four in the plane, and two above
and below the Cu atom in the K-F planes. Due to Jahn-Teller
distortions of the F atoms, the tetragonal symmetry of the bulk
crystal is lifted such that in the end an orthorhombic lattice
symmetry is present.17,18

Cleavage, structure, and stability. We first discuss why an
exfoliation of 2D layers of K2CuF4 is feasible and how this
affects the atomic structure and the stability of the isolated
layer. Under exfoliation of 2D K2CuF4 from the bulk crystal,
so-called cleavage decohesion energies have to be overcome
which are determined by the strength of the interlayer binding.
Before calculating the properties of cleavage fracture, we
tested explicitly the quality of our density functional theory
simulations for the intact bulk system. We were able to
reproduce the experimentally known atomic positions in the
bulk system including Jahn-Teller distortions of 2.5% of the
lattice constant (for details, see Ref. 19).

In order to simulate the exfoliation procedure, we intro-
duced a fracture in the bulk. We then calculated total energies
under variation of the separation d between the fractured
parts. The resulting cleavage energy Ecl(d) is shown in Fig. 2.
The ideal cleavage cohesion energy20 is obtained from the
asymptotic limit of Ecl(d). We find values of 0.78 J/m2

[including van der Waals (vdW) corrections] and 0.53 J/m2

(without van der Waals corrections). This is about 1.5–2 times
higher than the experimentally estimated cleavage energy
in graphite.21 The maximum derivative of Ecl(d) gives the
so-called theoretical cleavage strength.20 Here we find 5.7 GPa
(with vdW) and 4.4 GPa (without vdW).

We also calculated binding energies of the isolated bilayer
system. We obtain binding energies virtually the same as the
ideal cleavage energies, indicating that the interaction between
K2CuF4 and a substrate does not depend on the number of
K2CuF4 layers. Compared to other 2D crystals, the bilayer
binding is about two to three times larger than in graphite22,23

and 1.5–2 times larger than in Bi2Se3,24 as obtained from
theory. Both materials25,26 and many others1,27 allow for the
isolation of 2D crystals by mechanical exfoliation techniques,
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FIG. 1. (Color online) (a) Crystal structure of bulk K2CuF4 from a side view. (b) Crystal structure of 2D K2CuF4 from the top view and
side view. The green lines mark the unit cell, and the distances between the purple lines show different Cu-F bond lengths due to Jahn-Teller
distortions (black arrows), which do not differ by more than 1 pm in the bulk and the monolayer. For clarity, only Cu-F bonds are visualized
by gray lines.

and we infer from our calculations that the interlayer binding in
K2CuF4 is weak enough to exfoliate single layers of K2CuF4

as well. Similar as for other 2D crystals, a possible way to
produce single layers of K2CuF4 could be the Scotch tape
method.

Afterwards, we checked for a possible structural modifi-
cation of the isolated single layer which is highly relevant
for the magnetism of the system. Here, we found the atomic
positions of K and Cu atoms in the isolated layer to be virtually
the same as in the bulk system, and also the Jahn-Teller
distortions of F atoms were restored, but with slightly different
Cu-F bond lengths than in the bulk [Fig. 1(b)]. With these
distortions, atoms in single-layer K2CuF4 are arranged in a
quasi-2D square unit cell consisting of two formula units
[four K, two Cu, and eight F atoms; see the green box
in Fig. 1(b)].

A crucial question for future experiments will be whether
2D sheets of K2CuF4 are suitable to form free-standing
membranes. In an exfoliation procedure, large flakes of
arbitrary shape are formed, and a high in-plane stiffness is
needed to avoid curling and to allow the material to withstand
its own weight or external loads. In order to judge the in-plane
stiffness of K2CuF4, we performed simulations of axial strain
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FIG. 2. (Color online) Cleavage energy Ecl(d) as a function of
the separation d of the two crystal halves. d is defined with respect to
the layer-layer separation of 2.6 Å in the equilibrium configuration.

effects. The strain energy curve is shown in Fig. 3. One can
see a strong tension-compression asymmetry. From the strain
energy curves we determine the in-plane stiffness by the 2D
Young’s modulus which we define as

Y2D = 1

A0

∂2Es

∂ε2

∣∣∣∣
ε=0

, (1)

with ε the axial strain, Es the total strain energy (per unit cell),
and A0 the equilibrium surface. We find Y2D = 44.8 N/m,
which is about 13% of the in-plane stiffness in the ultrastrong
material graphene (see Ref. 28). From this rather high in-plane
stiffness, we can deduce from elastic theory calculations (see
Ref. 19) that even for large flakes, 2D K2CuF4 is able to
withstand its own weight, significantly large extra loads, or
vibration during handling, demonstrating that the membrane
properties are sufficient to produce a free-standing K2CuF4

membrane without the support of a substrate.
It is important to note that the Jahn-Teller distortions are

robust under in-plane strains. Their presence is decisive for the
magnetism, which we investigate below.

Magnetism and Kosterlitz-Thouless transition. We now
discuss the peculiarities of the magnetism of 2D K2CuF4.
In the past decades, a lot of effort has been put into the

FIG. 3. (Color online) Elastic energy of K2CuF4 under axial
strain. Inset: Visualization of axial strain. The square unit cell (green
box) is stretched or compressed in the x direction.
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research of magnetic materials, including finite size scaling
of ferromagnetism in thin films (see, e.g., Refs. 29–31). These
materials require a supporting substrate to ensure structural
stability.

Single layers of K2CuF4, however, form a stable, truly 2D
system and represent a different case: Due to the Mermin-
Wagner theorem, long-range ordering at finite temperature
is expected to be forbidden for an exactly 2D system with
spin-rotational symmetry. On the other hand, the Kosterlitz-
Thouless transition, which is a quasi-long-range ordering
effect in 2D systems, could make experiments on a fer-
romagnetic 2D crystal feasible. Indeed, in bulk K2CuF4,
the existence of a critical temperature TC as well as the
Kosterlitz-Thouless transition have been observed. In order
to realize ferromagnetism experimentally also in the 2D
crystal, three conditions need to be fulfilled: (1) At zero
temperature, ferromagnetic coupling of the bulk15,18 must be
preserved in the 2D layer. (2) The magnetism should be robust
against deformations and strains. (3) The Kosterlitz-Thouless
temperature must be sufficiently high.

The first two conditions are closely related to the robustness
of Jahn-Teller distortions. We find from our simulations
that the fully relaxed system is ferromagnetic due to the
formation of stable magnetic moments of 1μB per formula
unit. The Jahn-Teller distortions (and therefore the magnetic
moments) also survived the application of axial strains. Only
in artificially strained NbSe2 and NbS2 has a formation of
magnetic moments been predicted theoretically.32 The reason
for the stability of the ferromagnetism in 2D K2CuF4 at
low temperature can be understood best from the electronic
structure. The spin-polarized density of states (DOS) obtained
from the local density approximation with the Hubbard U
correction (LDA + U) is shown in Fig. 4. A large band gap
can be observed in which we find located a pronounced hole
state at 3.2 eV in the spin-down channel. Similar as in the bulk
case, the hole state in the spin-down channel instead is mostly
of a dz2−r2 character (with admixtures of hybridized Cu dxy and
F p states) and is responsible for the ferromagnetic ordering
by an orbital ordering effect.19,29 This hole state turns out to be
robust under strains as well. For the considered axial strains,
it changes position by some hundred meV, but not enough to
become quenched.

FIG. 4. (Color online) Total DOS of the system (blue). The
pronounced hole resonance is mostly of a Cu dz2−r2 character (red).

The third condition of a finite transition temperature is
intimately connected with the magnetic anisotropy. It is known
from the experimental literature that bulk K2CuF4 exhibits a
small magnetic in-plane anisotropy:33 The easy direction of
the magnetization axis lies in plane but without any preferred
direction within the plane. Although the magnetic interlayer
coupling in the bulk is known to be weak (less than 0.1% of
the intralayer coupling),16 a chemical interaction between the
layers is present and it is not clear how the anisotropy evolves
in a monolayer. Therefore, we performed first-principles
calculations of the magnetocrystalline anisotropy energy
(MCAE) in 2D K2CuF4 (see Ref. 19) and found the same easy
axis as in the bulk and even stronger anisotropy (see below).
Hence, single-layer K2CuF4 is a 2D spin-1/2 ferromagnet
with the spin moments arranged on a square lattice in an
alignment parallel to the x-y plane.

From a model point of view, this system can be described by
an effective Heisenberg model for which we determine in the
following exchange parameters from our first-principles cal-
culations. In analogy to Ref. 34, we describe the magnetism of
the system by an effective easy-plane Heisenberg Hamiltonian

H = −1

2

∑
〈i,j〉

J
[
Sx

i Sx
j + S

y

i S
y

j + ηSz
i S

z
j

]
, (2)

with J > 0 being the nearest-neighbor ferromagnetic
exchange and 1 − η � 1 describing a small in-plane
anisotropy. From density functional theory (DFT) total energy
calculations we derive model parameters J and η: J = Efm −
Eafm with Efm the total energy of the ferromagnetic system
and Eafm the total energy of the (virtual) antiferromagnetically
ordered solution. η is directly related with the MCAE.
Using the LDA + U method,35 we obtain the parameters
J/kB = 25.3 K and η = 0.90, which we use to calculate the
Kosterlitz-Thouless temperature (TKT). A formula for TKT has
been derived from a renormalization group analysis in Ref. 34:

TKT = 2πJS2

ln
(√

TKT/JS

1−η

) + 2 ln
(

2
TKT/2πJS2

) + C
, (3)

with C = −0.5 (from bulk). This finally yields TKT = 7.9
K, a value comparable to the critical temperature in the
bulk (TC,bulk ∼ 6.3 K). Hence, all conditions to realize
ferromagnetism in a free-standing layer of K2CuF4 are
fulfilled, which allows for experiments on an exactly 2D
Kosterlitz-Thouless system.

Conclusion and outlook. We have demonstrated the
possibility to produce ferromagnetic 2D crystals from
K2CuF4. 2D K2CuF4 exhibits a stable ferromagnetic ground
state below 8 K, a sizable band gap. and the stiffness
to form free-standing membranes of a large area, where
confinement effects are marginal. This allows to perform
experiments on a truly 2D Kosterlitz-Thouless system without
the perturbance of 3D interactions. For instance, it would
be extremely interesting to perform systematic studies of
doping effects (e.g., through substituent atoms) in order to
increase the Kosterlitz-Thouless temperature. As a 2D crystal
with both insulating and ferromagnetic properties, K2CuF4

opens perspectives for a number of applications, e.g., as a
magnetic spacer in novel 2D heterostructures. 2D K2CuF4

can be interfaced with graphene to induce magnetic moments
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that can be tuned by an external field, or combined with
topological insulators in order to create a gauge field acting
on Dirac fermions36 for the purpose of band gap opening.

Acknowledgments. Support from the DFG (Germany) via
Priority Programme 1459 “Graphene” and the European
Graphene Flagship are acknowledged.

*bsachs@physnet.uni-hamburg.de
1K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V. Khotkevich,
S. V. Morozov, and A. K. Geim, Proc. Natl. Acad. Sci. USA 102,
10451 (2005).

2K. S. Novoselov, Rev. Mod. Phys. 83, 837 (2011).
3C. R. Dean, A. F. Young, I. Meric, C. Lee, L. Wang, S. Sorgenfrei,
K. Watanabe, T. Taniguchi, P. Kim, K. L. Shepard et al., Nat.
Nanotechnol. 5, 722 (2010).

4L. A. Ponomarenko, A. K. Geim, A. A. Zhukov, R. Jalil, S. V.
Morozov, K. S. Novoselov, I. V. Grigorieva, E. H. Hill, V. V.
Cheianov, V. I. Falko, K. Watanabe et al., Nat. Phys. 7, 958 (2011).

5S. J. Haigh, A. Gholinia, R. Jalil, S. Romani, L. Britnell, D. C.
Elias, K. S. Novoselov, L. A. Ponomarenko, A. K. Geim, and
R. Gorbachev, Nat. Mater. 11, 764 (2012).

6R. V. Gorbachev, A. K. Geim, M. I. Katsnelson, K. S. Novoselov,
T. Tudorovskiy, I. V. Grigorieva, A. H. MacDonald, S. V. Morozov,
K. Watanabe, T. Taniguchi, and L. A. Ponomarenko, Nat. Phys. 8,
896 (2012).

7L. A. Ponomarenko, R. V. Gorbachev, G. L. Yu, D. C. Elias,
R. Jalil, A. A. Patel, A. Mishchenko, A. S. Mayorov, C. R. Woods,
J. R. Wallbank et al., Nature (London) 497, 594 (2013).

8C. R. Dean, L. Wang, P. Maher, C. Forsythe, F. Ghahari, Y. Gao,
J. Katoch, M. Ishigami, P. Moon, M. Koshino et al., Nature
(London) 497, 598 (2013).

9B. Hunt, J. D. Sanchez-Yamagishi, A. F. Young, M. Yankowitz,
B. J. LeRoy, K. Watanabe, T. Taniguchi, P. Moon, M. Koshino,
P. Jarillo-Herrero et al., Science 340, 1427 (2013).

10L. Britnell, R. V. Gorbachev, R. Jalil, B. D. Belle, F. Schedin,
A. Mishchenko, T. Georgiou, M. I. Katsnelson, L. Eaves, S. V.
Morozov et al., Science 335, 947 (2012).

11T. Georgiou, R. Jalil, B. D. Belle, L. Britnell, R. V. Gorbachev,
S.-V. Morozov, Y.-J. Kim, A. Gholinia, S. J. Haigh, O. Makarovsky
et al., Nat. Nanotechnol. 8, 100 (2012).

12L. Britnell, R. M. Ribeiro, A. Eckmann, R. Jalil, B. D. Belle,
A. Mishchenko, Y.-J. Kim, R. V. Gorbachev, T. Georgiou, S. V.
Morozov et al., Science 340, 1311 (2013).

13B. Sachs, L. Britnell, T. O. Wehling, A. Eckmann, R. Jalil, B. D.
Belle, A. I. Lichtenstein, M. I. Katsnelson, and K. S. Novoselov,
arXiv:1304.2236.

14W. Zhang, C.-P. Chuu, J.-K. Huang, C.-H. Chen, M.-L. Tsai,
Y.-H. Chang, C.-T. Liang, H. He Jr, M.-Y. Chou, and L.-J. Li,
arXiv:1302.1230.

15V. Eyert and K.-H. Hock, J. Phys.: Condens. Matter 5, 2987
(1993).

16K. Hirakawa and H. Ikeda, J. Phys. Soc. Jpn. 35, 1328 (1973).
17M. Hidaka, K. Inoue, I. Yamada, and P. J. Walker, Physica B+C

121, 343 (1983).
18D. I. Khomskii and K. I. Kugel, Solid State Commun. 13, 763

(1973).
19See Supplemental Material at http://link.aps.org/supplemental/

10.1103/PhysRevB.88.201402 for additional information on com-
putational details, an extended discussion of the orbital-related
magnetism, and elastic property calculations.

20N. I. Medvedeva, O. N. Mryasov, Y. N. Gornostyrev, D. L. Novikov,
and A. J. Freeman, Phys. Rev. B 54, 13506 (1996).

21R. Zacharia, H. Ulbricht, and T. Hertel, Phys. Rev. B 69, 155406
(2004).

22S. Lebegue, J. Harl, T. Gould, J. G. Ángyán, G. Kresse, and J. F.
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