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Imaging antiferromagnetic domains in LiCoPO4 via the optical magnetoelectric effect
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Antiferromagnetic (AFM) materials are considered as promising building blocks of novel data storage devices,
however, detecting and manipulating AFM domains remains challenging. Here, we demonstrate that the two
antiphase domains of the magnetoelectric antiferromagnet LiCoPO4 can be distinguished by their light absorp-
tion difference. Using visible and infrared spectroscopy, we observed spontaneous nonreciprocal absorption,
also referred to as directional dichroism, at the crystal-field excitations of Co2+ ions coordinated by distorted
oxygen octahedra. This absorption contrast is particularly pronounced near the telecommunication wavelength
of 1550 nm. These findings allowed us to image the AFM domains in LiCoPO4 using a simple transmission light
microscopy setup. Our findings suggest that optical magnetoelectric effects offer promising routes for probing
the AFM order parameter in noncentrosymmetric transition metal compounds.
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The detection of antiferromagnetic (AFM) domains with
no net magnetization has been a challenge ever since the dis-
covery of antiferromagnets [1,2]. The recent progress of AFM
spintronics [3] gave a new boost to the study of AFM materi-
als. The application of such compounds could have significant
benefits as (1) the rich variety of AFM orders offers new
possibilities to encode information, (2) their THz dynamics
promise great speed, and (3) the absence of net magnetization
makes them robust against stray magnetic fields [4,5]. Despite
all efforts, however, the electric or optical detection of the
AFM domains is still difficult [4–6].

When the magnetic order simultaneously breaks both time-
reversal and inversion symmetries, the magnetoelectric (ME)
effect becomes allowed, namely electric fields E can induce
magnetization M and magnetic fields H can generate electric
polarization P. The measurement of the ME susceptibility χi j

provides a rare opportunity to detect not only the orientation
(director) but also the sign of the AFM order parame-
ter L—the difference of the sublattice magnetizations—as
demonstrated, e.g., in the prototypical ME compound Cr2O3

[7–11]. Moreover, intriguing optical effects can also emerge
at the mixed electric and magnetic dipole excitations of these
compounds, which opens further possibilities to detect the
AFM order and image its domains. Indeed, AFM domains
were recently observed by imaging the spatial variation of the
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nonreciprocal linear dichroism in Pb(TiO)Cu4(PO4)4 [12] and
the electric-field-induced magnetic circular dichroism (MCD)
in Cr2O3 [13].

Besides the above-mentioned light-polarization-sensitive
optical anisotropies, ME compounds also show the so-called
nonreciprocal directional dichroism (NDD) [14–22], which is
the absorption difference for counterpropagating beams (±k),
present even for unpolarized light [23,24]. As the strongly
and weakly absorbing directions are reversed for the do-
mains having time-reversed magnetic states, NDD can be
utilized for imaging such ME AFM domains as shown in
Fig. 1(b) [25,26]. The advantage of this method is its sim-
plicity. Compared to other imaging techniques [6], it neither
requires strong lasers as second harmonic generation (SHG)
microscopy nor polarization-sensitive elements. A prerequi-
site of NDD-based light microscopy is the presence of finite
NDD in the visible (VIS) or near-infrared (NIR) spectral
ranges, which has been reported in CuB2O4 [15,16], MnTiO3

[20], and LiNiPO4 [22].
In this Letter, we demonstrate by broadband infrared and

VIS absorption spectroscopy that the ME antiferromagnet
LiCoPO4 shows large NDD at the crystal-field excitation of
Co2+ ions. By selectively stabilizing one of the two time-
reversed (or antiphase) domains, we detected significantly
different absorption for the two domains. Particularly, the
absorption contrast is as high as 34% at around a telecom-
munication wavelength of 1550 nm (0.8 eV). With a simple
spatial laser scanning setup, we mapped the light intensity
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FIG. 1. (a) Crystal and magnetic structure of LiCoPO4 viewed
from the x direction. Green arrows show the direction of magnetic
moments, with their arrangement corresponding to one of the anti-
ferromagnetic domains. (b) Schematic illustration of the absorption
contrast between the antiphase antiferromagnetic (AFM) domains
observed on a thin xy cut of LiCoPO4.

transmitted through a zero-field-cooled (ZFC) sample and
succeeded in visualizing the AFM domains of LiCoPO4 by
exploiting their spontaneous NDD.

At room temperature, LiCoPO4 crystallizes in the or-
thorhombic olivine structure (space group Pnma). The mag-
netic Co2+ ions coordinated by distorted oxygen octahedra
occupy sites having only a mirror plane symmetry (Wyckoff
position 4h). The low site symmetry allows a local electric
dipole lying within the mirror plane, but their sum over the
unit cell vanishes [19]. Below TN = 21.8 K, the S = 3/2 spins
of the Co2+ ions order into a two-sublattice collinear AFM
structure with moments parallel to the y axis [see Fig. 1(a)]
[27]. This structure is consistent with the magnetic space
group Pnma′. In this symmetry, the time-reversal and in-
version symmetries are simultaneously broken, thus the ME
effect is allowed [28,29]. The values of the two nonvanishing
components of the linear ME susceptibility are rather large,
χxy/c = 15 ps/m and χyx/c = 32 ps/m, where c is the speed
of light [28,30]. The emergence of the ME effect is explained
by others with the nonzero ferrotoroidal moment allowed in
Pnma′ [29,31,32], which may appear as the sum of the cross
products of the local electric and magnetic moments remain-
ing nonvanishing despite the lack of net polarization and
magnetization [19,32]. Although neutron scattering experi-
ments revealed a small 4.6◦ rotation of the spins away from
the y axis [33], a later calculation found that the additional
components of the ME tensor induced by the lower symmetry
are small, and thus neglected in the literature [29,31]. Via the
linear ME susceptibility, the free energy of one of the AFM
domains can be lowered compared to the other, when both
of the corresponding electric and magnetic fields are applied.
Therefore, a single AFM domain can be stabilized by cooling
a LiCoPO4 sample in these fields across the Néel temperature
TN. This procedure is referred to as ME poling in the literature.
Recent experiments even demonstrated isothermal switching
of the AFM domains close to TN [34].

We studied LiCoPO4 single crystals, which were grown
by the floating-zone method as described elsewhere [36]. We
measured the light intensity transmitted through a reference
hole Iref and the sample Isamp covering an identical hole of 700
µm in diameter. Low temperatures were reached in an Oxford
continuous flow optical cryostat, with a small permanent
magnet fixed inside, for poling. We used a combination of
a grating spectrometer (Newport Cornerstone 260) and a

FIG. 2. (a) Absorption spectra of LiCoPO4 measured at 5 K, after
magnetoelectric (ME) poling for light polarizations Eω ‖ x (blue,
green) and Eω ‖ y (red, orange). An AFM domain is selected depend-
ing on the sign of the ME free-energy term BxEy, where Bx and Ey are
the poling magnetic and electric fields. In the colored energy ranges
the sample is opaque, i.e., the absorption is beyond the detection
limit. On the top of the panel, the energy levels are reproduced from
the crystal-field calculations of Ref. [35]. (b) Absorption difference
of the two AFM domains for different polarizations. The insets show
a magnified energy range between 0.06 and 0.18 eV.

Fourier transform infrared spectrometer (Varian 670 FTIR) to
cover a broad spectral range between 0.075 and 3.1 eV. We
calculated the absorption spectra as

α = − 1

d
ln

(
Isamp

Iref

)
, (1)

where d ∼ 60 µm is the sample thickness. Reflection losses
can be neglected as the refractive index is low, n = 1.714
[28]. According to crystal symmetry, NDD appears for light
propagation k ‖ z [19], thus we studied an xy cut with the
light beam propagating normal to the plane. As LiCoPO4 is
orthorhombic, we set the incident light polarization parallel
to either Eω ‖ x or Eω ‖ y. We applied poling fields with
magnitude μ0H = ±200 mT and E = ±1000 V/cm along
H ‖ x and E ‖ y, respectively, which can establish a single
AFM domain as demonstrated earlier [19].

We present the absorption spectra of LiCoPO4 measured at
the base temperature of the optical cryostat, ∼5 K in Fig. 2(a).
The linearly polarized spectra Eω ‖ x (Eω ‖ y) shown in blue
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and green (red and orange) correspond to the absorption of
the two AFM domains stabilized by ME poling. We measured
spectra in all four combinations of the signs of the poling
fields, and found that spectra corresponding to the same do-
main overlap within the noise of the experiment. We observed
a series of absorption peaks, which are consistent with the
published ones in the region between 1.55 and 3 eV [37]. Two
strong and sharp absorption peaks are present at low energies,
around ∼80 and ∼120 meV, making the sample completely
opaque in the vicinity of these resonances.

Figure 2(b) shows the absorption difference �α for the two
AFM domains for both light polarizations. This absorption
difference is the NDD signal, as measuring the absorption
difference for ±k is equivalent to the measurements on the
time-reversed domain pairs with a fixed propagation direc-
tion [19,32]. We observed the strongest NDD for Eω ‖ y
at 0.776 eV, or 1597 nm, close to the telecommunication
wavelength 1550 nm. To quantify the difference, we followed
Ref. [22], which results in �α/α0 = 34% at 1597 nm, where
α0 = αdom1 + αdom2.

In agreement with former works [22,35,37], we assigned
the observed absorption peaks to the crystal-field excitation
of Co2+ ions occupying a distorted octahedral environment.
The energy level scheme proposed in Ref. [35] based on
crystal-field calculations accurately predicts the positions of
the lowest-lying transitions as shown in Fig. 2. These transi-
tions within the crystal field split the 4F term at 0.08, 0.16,
0.64, 0.68, 0.95, and 1.59 eV corresponding well to the ab-
sorption peaks at 0.08, 0.12, 0.6, 0.7, 0.95, and 1.6 eV, though
we cannot exclude that any of the two lowest-lying excitations
(0.08 and 0.12 eV) might be assigned to an infrared active
phonon mode. The weaker features observed around 0.25 and
0.4 eV deviate from the crystal-field calculations, thus, they
may originate from impurities. Transitions to the higher-lying
4P and 2G terms are consistent with the series of resonances
observed in the region between 2 and 2.6 eV. However, assign-
ing the specific fine structure within this range is challenging
due to overlapping transitions and the multitude of closely
spaced excitations predicted by the crystal-field model.

The site symmetry group of Co2+, CS, which contains a
single mirror plane normal to the y axis, enforces a selection
rule as pointed out by Kornev et al. [35]. In the weak spin-orbit
limit, the wave functions can be labeled by a parity quantum
number: They either preserve or change signs under mirror
symmetry, i.e., they transform as the A′ or A′′ irreducible
representations of CS, respectively. When the electric field
oscillates along the Eω ‖ y direction—thus, it transforms as
A′′—it excites transitions between states with different par-
ity, whereas electric fields oscillating in the perpendicular
directions induce parity-conserving transitions as these field
components correspond to A′. According to the calculations,
the transitions at 0.08, 0.6, and 1.6 eV are active for Eω ‖ x,
while the resonances at 0.12, 0.7, and 0.95 eV are excited
by Eω ‖ y. Besides the two lowest-lying excitations with in-
tensity too high to resolve, the other four NIR excitations
mostly follow this electric dipole selection rule, namely, their
intensity is stronger for the allowed direction. However, the
cancellation is not complete for the orthogonal direction, and
the absorption peak at 0.7 eV has a large spectral weight also
for Eω ‖ x, which may indicate spin-orbit mixing.

FIG. 3. Transmission images of LiCoPO4 recorded at (a) 300 K
and (b), (c) below TN at 5 K after zero-field cooling (ZFC).
(b) Brighter and darker regions indicate different antiferromagnetic
domains. (c) The domain walls are highlighted by black lines.

The crystal-field excitations of Co2+ in this noncentrosym-
metric local environment are ideal for hosting nonvanishing
NDD emerging at simultaneously electric and magnetic dipole
active transitions [14,15,23]. Eω

x (Eω
y ) and Hω

y (Hω
x ) belong

to the same irreducible representations A′ (A′′) of the site
symmetry, thus, when a transition is electric dipole allowed,
the corresponding magnetic field component can also excite
it. Furthermore, the electric and magnetic field components
transforming the same way are perpendicular to each other
just as the oscillating fields of light, enabling both of them to
couple to the transitions in the studied geometry. These sym-
metry arguments explain the appearance of NDD in LiCoPO4,
however, to reproduce the absorption strengths and the mag-
nitude of the NDD microscopic model calculations including
spin-orbit coupling are needed, which is beyond the scope of
this Letter.

Next, we utilized the absorption contrast of the domains,
the NDD, for imaging. Since �α is the largest around
0.8 eV, we used a 1550-nm laser diode as a light source
and polarized its light to Eω ‖ y to enhance the contrast. The
light beam was focused onto the sample and then collected
with long working-distance objectives (MY10X-823). The
achieved spot size was 4 µm. Behind the sample, an InGaAs
detector measured the transmitted intensity. The pixels of the
image were obtained as the sample was moved in the focus in
a raster fashion. The slow drift of the detector signal was com-
pensated in each row by subtracting the first data point, where
the aperture of the sample holder covered the laser beam.

The images collected at 300 and 5 K after zero-field
cooling are shown in Fig. 3. Besides the topographic features
observed at room temperature [see Fig. 3(a)], higher- and
lower-intensity regions corresponding to the AFM domains
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FIG. 4. Transmission images of LiCoPO4 recorded at 5 K after
cooling the sample only in a magnetic field. (a) and (b) correspond
to images measured after poling only with magnetic fields pointing
along and opposite to H ‖ y, respectively.

emerge in the magnetically ordered phase as shown in
Fig. 3(b). The AFM domains are highlighted in Fig. 3(c) by
marking the intensity changes. The typical domain size is a
few tens µm, smaller than the previously reported values in
Refs. [31,38,39].

The transmission microscopy experiments revealed its ca-
pability to map the two AFM domains in the bulk crystal,
offering a simpler approach compared to surface-sensitive
SHG imaging. We note, however, that SHG has the advan-
tage that it probes a three-index tensor, thus providing more
information on the magnetic symmetry. Indeed, some ele-
ments of the SHG tensor forbidden in mmm′ become finite,
though weak below TN [31,38,39]. These finite elements in-
dicate that the actual symmetry might be lower, in agreement
with neutron scattering [33]. The symmetry reduction would
also lead to an increase in the number of the domains, how-
ever, we could not unambiguously distinguish them by NDD
microscopy.

We also recorded intensity images after poling in magnetic
fields only. The field was applied along H ‖ y and its
magnitude was 55 mT. The images measured in zero field
after poling in +55 and −55 mT are shown in Figs. 4(a) and
4(b), respectively. Surprisingly, a large area of the sample

was turned into a single AFM domain corresponding to
bright and dark areas in Figs. 4(a) and 4(b), respectively. In
smaller patches, the intensity change is smaller, suggesting
that the sample is not in a monodomain state over the entire
thickness. This partial control of AFM domains by magnetic
poling is consistent with the findings of Rivera [28], where
butterfly-shaped P-H loops were observed close to TN. In our
case, surface charge accumulation can be discarded as the
sample is directly grounded by the dc power source through
electrical contacts. Neutron diffraction experiments suggested
that weak ferromagnetism can be consistent with the small
rotation of the moments away from the y axis and it might
be responsible for magnetic field effects [33]. However, if
spatial inversion is a symmetry of the paramagnetic state,
linear coupling between the axial vector of the ferromagnetic
moment and the inversion-symmetry-breaking AFM order
parameter is not possible, leaving this issue open for further
investigations.

In summary, we studied the absorption spectrum of
LiCoPO4 in its antiferromagnetically ordered phase over the
infrared and visible spectral ranges. We observed a signifi-
cant absorption difference between the two antiphase AFM
domains reaching 34% at 0.776 eV (1597 nm). Notably,
this large zero-field NDD arises from crystal-field excita-
tions of Co2+ ions near the telecommunication wavelength
of 1550 nm. Our experiments broaden the number of tran-
sition metal ions enabling large NDD, which may become
applicable in nonreciprocal optical components such as iso-
lators or switchable optical diodes at these technologically
relevant wavelengths [18,22]. We utilized this spontaneous
optical anisotropy for visualizing AFM domains. Since this
is based on simple transmission microscopy, this approach
offers a unique possibility to map AFM domains in various
ME materials.
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[6] P. Němec, M. Fiebig, T. Kampfrath, and A. V. Kimel, Antifer-
romagnetic opto-spintronics, Nat. Phys. 14, 229 (2018).

[7] L. D. Landau and E. M. Lifshitz, Electrodynamics of Continu-
ous Media (Pergamon Press, New York, 1960).

[8] D. N. Astrov, The magnetoelectric effect in antiferromagnetics,
J. Exp. Theor. Phys. 38, 984 (1960) [Sov. Phys. JETP 11, 708
(1960)].

[9] D. N. Astrov, Magnetoelectric effect in chromium oxide, J. Exp.
Theor. Phys. 40, 1035 (1961) [Sov. Phys. JETP 13, 729 (1961)].

L100405-4

http://www.NobelPrize.org
https://doi.org/10.1126/science.aab1031
https://doi.org/10.1038/nnano.2016.18
https://doi.org/10.1103/RevModPhys.90.015005
https://doi.org/10.1038/s41567-018-0051-x


IMAGING ANTIFERROMAGNETIC DOMAINS IN … PHYSICAL REVIEW B 110, L100405 (2024)

[10] V. J. Folen, G. T. Rado, and E. W. Stalder, Anisotropy of the
magnetoelectric effect in Cr2O3, Phys. Rev. Lett. 6, 607 (1961).

[11] G. T. Rado and V. J. Folen, Observation of the magnetically
induced magnetoelectric effect and evidence for antiferromag-
netic domains, Phys. Rev. Lett. 7, 310 (1961).

[12] K. Kimura, T. Katsuyoshi, Y. Sawada, S. Kimura, and T.
Kimura, Imaging switchable magnetoelectric quadrupole do-
mains via nonreciprocal linear dichroism, Commun. Mater. 1,
39 (2020).

[13] T. Hayashida, K. Arakawa, T. Oshima, K. Kimura, and T.
Kimura, Observation of antiferromagnetic domains in Cr2O3

using nonreciprocal optical effects, Phys. Rev. Res. 4, 043063
(2022).

[14] J. H. Jung, M. Matsubara, T. Arima, J. P. He, Y. Kaneko, and
Y. Tokura, Optical magnetoelectric effect in the polar GaFeO3

ferrimagnet, Phys. Rev. Lett. 93, 037403 (2004).
[15] M. Saito, K. Taniguchi, and T. H. Arima, Gigantic optical mag-

netoelectric effect in CuB2O4, J. Phys. Soc. Jpn. 77, 013705
(2008).

[16] M. Saito, K. Ishikawa, K. Taniguchi, and T. Arima, Mag-
netic control of crystal chirality and the existence of a large
magneto-optical dichroism effect in CuB2O4, Phys. Rev. Lett.
101, 117402 (2008).

[17] S. Bordács, I. Kézsmárki, D. Szaller, L. Demkó, N. Kida, H.
Murakawa, Y. Onose, R. Shimano, T. Rõõm, U. Nagel, S.
Miyahara, N. Furukawa, and Y. Tokura, Chirality of matter
shows up via spin excitations, Nat. Phys. 8, 734 (2012).

[18] I. Kézsmárki, U. Nagel, S. Bordács, R. S. Fishman, J. H. Lee,
H. T. Yi, S.-W. Cheong, and T. Rõõm, Optical diode effect
at spin-wave excitations of the room-temperature multiferroic
BiFeO3, Phys. Rev. Lett. 115, 127203 (2015).

[19] V. Kocsis, K. Penc, T. Rõõm, U. Nagel, J. Vít, J. Romhányi,
Y. Tokunaga, Y. Taguchi, Y. Tokura, I. Kézsmárki, and S.
Bordács, Identification of antiferromagnetic domains via the
optical magnetoelectric effect, Phys. Rev. Lett. 121, 057601
(2018).

[20] T. Sato, N. Abe, S. Kimura, Y. Tokunaga, and T. H. Arima,
Magnetochiral dichroism in a collinear antiferromagnet with no
magnetization, Phys. Rev. Lett. 124, 217402 (2020).

[21] J. Vít, J. Viirok, L. Peedu, T. Rõõm, U. Nagel, V. Kocsis,
Y. Tokunaga, Y. Taguchi, Y. Tokura, I. Kézsmárki, P. Balla,
K. Penc, J. Romhányi, and S. Bordács, In situ electric-
field control of thz nonreciprocal directional dichroism in
the multiferroic Ba2CoGe2O7, Phys. Rev. Lett. 127, 157201
(2021).

[22] K. Kimura and T. Kimura, Nonvolatile switching of large non-
reciprocal optical absorption at shortwave infrared wavelengths,
Phys. Rev. Lett. 132, 036901 (2024).

[23] L. Barron, Molecular Light Scattering and Optical Activity
(Cambridge University Press, Cambridge, UK, 2004).

[24] D. Szaller, S. Bordács, and I. Kézsmárki, Symmetry conditions
for nonreciprocal light propagation in magnetic crystals, Phys.
Rev. B 87, 014421 (2013).

[25] M. Saito, K. Ishikawa, S. Konno, K. Taniguchi, and T. Arima,
Periodic rotation of magnetization in a non-centrosymmetric
soft magnet induced by an electric field, Nat. Mater. 8, 634
(2009).

[26] T. Sato, N. Abe, Y. Tokunaga, and T. H. Arima, Antiferromag-
netic domain wall dynamics in magnetoelectric MnTiO3 studied
by optical imaging, Phys. Rev. B 105, 094417 (2022).

[27] R. Santoro, D. Segal, and R. Newnham, Magnetic properties of
LiCoPO4 and LiNiPO4, J. Phys. Chem. Solids 27, 1192 (1966).

[28] J.-P. Rivera, The linear magnetoelectric effect in LiCoPO4 re-
visited, Ferroelectrics 161, 147 (1994).

[29] C. Ederer and N. A. Spaldin, Towards a microscopic theory of
toroidal moments in bulk periodic crystals, Phys. Rev. B 76,
214404 (2007).

[30] M. Fiebig, Revival of the magnetoelectric effect, J. Phys. D:
Appl. Phys. 38, R123 (2005).

[31] A. S. Zimmermann, D. Meier, and M. Fiebig, Ferroic nature of
magnetic toroidal order, Nat. Commun. 5, 4796 (2014).

[32] V. Kocsis, S. Bordács, Y. Tokunaga, J. Viirok, L. Peedu, T.
Rõõm, U. Nagel, Y. Taguchi, Y. Tokura, and I. Kézsmárki,
Magnetoelectric spectroscopy of spin excitations in LiCoPO4,
Phys. Rev. B 100, 155124 (2019).

[33] D. Vaknin, J. L. Zarestky, L. L. Miller, J.-P. Rivera, and H.
Schmid, Weakly coupled antiferromagnetic planes in single-
crystal LiCoPO4, Phys. Rev. B 65, 224414 (2002).

[34] V. Kocsis, Y. Tokunaga, Y. Tokura, and Y. Taguchi, Switching
of antiferromagnetic states in LiCoPO4 as investigated via the
magnetoelectric effect, Phys. Rev. B 104, 054426 (2021).

[35] I. Kornev, J.-P. Rivera, S. Gentil, A. Jansen, M. Bichurin, H.
Schmid, and P. Wyder, Optical absorption of Co2+ in LiCoPO4,
Physica B: Condens. Matter 270, 82 (1999).

[36] R. Saint-Martin and S. Franger, Growth of LiCoPO4 single
crystals using an optical floating-zone technique, J. Cryst.
Growth 310, 861 (2008).

[37] J.-P. Rivera, Optics of LiCoPO4 single crystal, J. Korean Phys.
Soc. 32, S1839 (1998).

[38] B. B. Van Aken, J.-P. Rivera, H. Schmid, and M. Fiebig, Ob-
servation of ferrotoroidic domains, Nature (London) 449, 702
(2007).

[39] A. S. Zimmermann, B. B. Van Aken, H. Schmid, J.-P. Rivera, J.
Li, D. Vaknin, and M. Fiebig, Anisotropy of antiferromagnetic
180◦ domains in magnetoelectric LiMPO4 (M = Fe, Co, Ni),
Eur. Phys. J. B 71, 355 (2009).

L100405-5

https://doi.org/10.1103/PhysRevLett.6.607
https://doi.org/10.1103/PhysRevLett.7.310
https://doi.org/10.1038/s43246-020-0040-3
https://doi.org/10.1103/PhysRevResearch.4.043063
https://doi.org/10.1103/PhysRevLett.93.037403
https://doi.org/10.1143/JPSJ.77.013705
https://doi.org/10.1103/PhysRevLett.101.117402
https://doi.org/10.1038/nphys2387
https://doi.org/10.1103/PhysRevLett.115.127203
https://doi.org/10.1103/PhysRevLett.121.057601
https://doi.org/10.1103/PhysRevLett.124.217402
https://doi.org/10.1103/PhysRevLett.127.157201
https://doi.org/10.1103/PhysRevLett.132.036901
https://doi.org/10.1103/PhysRevB.87.014421
https://doi.org/10.1038/nmat2492
https://doi.org/10.1103/PhysRevB.105.094417
https://doi.org/10.1016/0022-3697(66)90097-7
https://doi.org/10.1080/00150199408213364
https://doi.org/10.1103/PhysRevB.76.214404
https://doi.org/10.1088/0022-3727/38/8/R01
https://doi.org/10.1038/ncomms5796
https://doi.org/10.1103/PhysRevB.100.155124
https://doi.org/10.1103/PhysRevB.65.224414
https://doi.org/10.1103/PhysRevB.104.054426
https://doi.org/10.1016/S0921-4526(99)00158-1
https://doi.org/10.1016/j.jcrysgro.2007.11.175
https://doi.org/10.1038/nature06139
https://doi.org/10.1140/epjb/e2009-00223-3

