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Nanosheet fabrication from magnon thermal conductivity
cuprates for the advanced thermal management
Hiroya Kinoshita1, Nobuaki Terakado 1,2✉, Yoshihiro Takahashi1, Takamichi Miyazaki3, Chitose Ishikawa1, Koki Naruse1,
Takayuki Kawamata1,4 and Takumi Fujiwara1✉

Spin-chain–spin-ladder cuprates, such as La5Ca9Cu24O41, have notable electronic and thermal properties because of their unique
electron spin arrangement. Among them, magnon thermal conductivity, which originates from the excitation of paired electron
spins, is promising for the advanced thermal management applications that enable dynamic control of heat flow. This is because of
its high, anisotropic thermal conductivity at room temperature and its dynamic controllability. In this study, we report nanosheet
fabrications from polycrystalline La5Ca9Cu24O41 to enhance the control width. We obtained that the nanosheets with a thickness of
about 3 nm are obtained via immersion of the polycrystals in a NaOH aqueous solution. We propose the exfoliation model based on
the chemical reaction between the (La/Ca)2Cu2O3 subsystem and NaOH solution. The nanosheet fabrications can also lead to new
research development on spin-ladder system and other strongly correlated cuprates.
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INTRODUCTION
Spin-chain–spin-ladder cuprates have attracted significant attention
from the viewpoint of electronic properties (e.g. superconductivity)
and notable thermal conductivity due to magnons1–6. The typical
spin-chain–spin-ladder cuprate La5Ca9Cu24O41 (LCCO) contains
CuO2 and Cu2O3 layers interleaved by La3+ and Ca2+ (Fig. 1a);
the two kinds of layers comprise spin chains and spin ladders,
respectively. To be exact, La3+ and Ca2+ belong to Cu2O3 layers, i.e.
the crystal consists of the negatively and positively charged
subsystems, CuO2 and (La5/14Ca9/14)2Cu2O3, respectively, which
are alternately stacked toward the b axis (Fig. 1b). Notably, the
magnons in the Cu2O3 layers, corresponding to excitations of the
singlet state of the paired electron spins to the triplet state, act as
heat carriers1,4,5. Particularly, the single crystal of LCCO possesses
the highest magnon thermal conductivity at ~300 K in these types
of cuprates, ~90W/(m K), only toward the c axis, i.e. the spin
ladders, in contrast to the low phonon thermal conductivity, ~2W/
(m K), which is approximately isotropic4. As stated in our previous
study7, the magnon thermal conductivity has the potential to be
reversibly reduced by over an order of magnitude by a field-effect
hole doping and subsequent decrease in the magnon mean free
path, in addition to the high, anisotropic thermal conductivity8–11.
These characteristics are promising for advanced thermal

management applications that enable dynamic control of heat
flow12,13, e.g., smart heat dissipation for the high stability of
electronic devices and improvement in heat storage and
thermoelectric conversion efficiency. For this application, many
studies on the dynamic control of heat flow, particularly using
change in thermal conductivity by external fields, have been
conducted12–19. However, in many cases, the coexistence of the
high upper limit of thermal conductivity, high controllable range,
and high anisotropy, which are necessary for practical uses,
seems not to have been achieved. Therefore, LCCO is a promising
material for applications in terms of the coexistence of the three
required properties.

However, the controllable thickness of LCCO is predicted to
be on the order of as thin as a few nanometers or less, which is
dominated by the field-effect doping20,21; thus, giving rise to
significant dead areas for the bulk crystal and decrease in
controllability of thermal conductance determining effective
control width of heat flow. Therefore, it is essential to use
nanosheet fabrication to overcome this issue22–24. In this study,
we aim to prepare LCCO nanosheets in which the c axis is
parallel to the surface, and the thickness is comparable with the
predictable controllable one. We obtained that the nanosheets
with a thickness of about 3 nm are obtained by immersion of
the polycrystalline LCCO in NaOH aqueous solution. We infer
from the morphology observation using microscopies and
micro-Raman spectroscopy that the nanosheets have been
exfoliated from the crystal grains and retain the spin ladders
necessary for the magnon thermal conductivity. However,
details regarding structure and composition have not been
perfectly revealed. We propose an exfoliation model based on
the decomposition of (La5/14Ca9/14)2Cu2O3 subsystem by the
solution. To the best of our knowledge, this is the first time
nanosheets of spin-ladder systems are fabricated. Moreover,
instead of mechanical exfoliation, a soft-chemical method is
applied to nanosheet fabrications for strongly correlated
cuprates, including superconductors (e.g. Bi2Sr2CaCu2Ox

22,25).
These fabrications can also lead to new research development
on the spin-ladder cuprates ladder system and the other
strongly correlated cuprates.

RESULTS
Scanning electron microscopy (SEM)
Figure 2a, b shows the low- and high-magnification secondary
electron images of polycrystalline LCCO on the Si substrate in
scanning electron microscopy (SEM), respectively (See Methods
for details regarding the preparation of the polycrystals).
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The median diameter was evaluated to be about 3.5 μm from the
analysis of grain size distribution by thresholding the low-
magnification image. Figure 2b also shows the distorted, large
particles with a diameter of about 30 μm, which seem to be
aggregations of the small grains.

Atomic force microscopy
Figure 3 shows atomic force microscopy (AFM) images of the filter
residues subjected to immersion to NaOH aqueous solution with a
5mol/L concentration and stirring for 6 h and placed on the Si
substrate (See Methods for details regarding the sample prepara-
tion). Figure 3a shows three kinds of deposits. One is the
aggregations, which appear to be the bright areas, with a
thickness of over several hundred nanometers. Based on the
results of X-ray diffraction (XRD) in the next subsection (Fig. 4a),
these aggregations can be La(OH)3, Ca(OH)2, CuO, and LCCO.
Another is the strip-like thin plates, i.e. nanosheets, with about
3 nm thickness and 1 μm lateral dimension (Fig. 3b, c). Several
nanosheets with a thickness of less than 2 nm have been
collapsed (the inset in Fig. 3a). The other is comparatively large
plates with steps and terraces (Fig. 3d, e). The lateral dimension is
about 3 μm, and the step height is about 3 nm, corresponding to
the median diameter of crystal grains (Fig. 2a) and the thickness of
nanosheets (Fig. 3c), respectively. This coincidence strongly
supports that the nanosheets have been exfoliated from the
LCCO crystal grains. We measured the thickness of 283
nanosheets on the Si substrate and investigated the distribution
(Fig. 3f). Almost all nanosheets have a thickness of about 2.8 nm,
but parts are about 1.4 nm thick.

Micro-Raman spectroscopy
Figure 4a shows the Raman spectra of two different areas,
excluding and including the nanosheets, A and B, in the Si
substrate used in the AFM observation (Fig. 3). The two areas have
a diameter of about 1 μm, corresponding to the focal spot size of
the incident laser light. The spectrum of area A shows only the
peaks due to Si. Meanwhile, we can see an increase in scattering
intensity in the range of about 1000–4000 cm−1 in the spectrum
of area B. Figure 4b shows the increase in intensity compared with
the two spectra. The spectrum shows the broad peak centred at a
high wavenumber of about 2800 cm−1. This broad peak, referred
to as the two-magnon peak, is unique to materials having strongly
antiferromagnetically coupled spins causing high thermal con-
ductivity, as in the spin ladder of LCCO7,26–29 (Fig. 4c). Therefore,
the appearance of the two-magnon peak in the nanosheets
means that the spin ladders as is seen in the single crystal,
providing the high, anisotropic magnon thermal conductivity,
remain even in the nanosheets. By contrast, the peaks due to
phonons7,30,31 observed at about 580 and 1100 cm−1 (Fig. 4c) are
weakened. Such a weakening has been reported in the p-type
high-Tc superconductors composed of CuO2 planes, which can be
interpreted as the screening effect, i.e. the doped holes causing an
increase in the total number of holes screen the layers related to
the phonon modes from the incident laser light; thus, the effective
scattering intensity decreases32,33. Obviously, the doped holes can
affect the two-magnon peak, for which we see the broadening of
the two-magnon peak to the lower wavenumber (Fig. 4b, c).
This phenomenon is consistent with the previous report33.
Whether this phenomenon occurs in the nanosheets is not clear;
however, if it occurs, the hole doping might be induced by
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Fig. 1 Layer structure of La5Ca9Cu24O41. a A unit cell of the spin-chain–spin-ladder cuprate La5Ca9Cu24O41. The crystal structure is drawn via
VESTA40 and referring to the structural data41. b A schematic illustration of the layer structure for Fig. 1a consisting of two kinds of subsystems,
CuO2 and (La5/14Ca9/14)2Cu2O3.
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Fig. 2 SEM images of polycrystalline LCCO. a Low-magnification and b high-magnification images.
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imperfections for the chemical reaction proposed later (Eq. (1)) or
the conductive Si substrate.

XRD
Figure 5a shows the XRD patterns of polycrystalline LCCO
synthesised using the solid-state reaction method and filter

residues subjected to immersion to NaOH aqueous solution with
5 mol/L concentration and stirring. The pattern of the polycrystal
(Fig. 5a) is consistent with that of the previous reports7,34. In the
6 h stirred samples (Fig. 5b), we see the six additional peaks at
2θ~34°, 36°, 39°, 47°, 49°, and 51°. Considering the compositions of
polycrystals and solution, these peaks can be assigned to
Ca(OH)235 and CuO36. Focusing on the peaks from LCCO, the
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Fig. 3 Topography and surface morphology obtained from AFM. The sample was the filter residues of LCCO polycrystals subjected to
immersion to NaOH aqueous solution with 5mol/L concentration and stirring for 6 h. a Low-magnification image. The inset is the image of the
collapsed nanosheet. High-magnification images for (b, c) the nanosheet and d, e the large plate with steps and terraces. c, e Shows the
heights along the white dot lines in (b) and (d), respectively. f Thickness distribution of the nanosheets.
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Fig. 4 Raman spectra. The sample was the filter residues of polycrystalline LCCO subjected to immersion to NaOH aqueous solution with
5mol/L concentration and stirring for 6 h. a Spectra of areas, excluding and including the nanosheets in the Si substrate. The inset is the
optical microscopy image, where the canter and 5 μm away points were inspected. Note that the nanosheets are not observed by optical
microscopy. b The increase in intensity compared with the two spectra in Fig. 4a. c Raman spectra of the ca plane of the single crystal
synthesized by a traveling solvent floating zone method5 (TSFZ; See Methods regarding the synthesis methods). Polarization configurations
are indicated by the Porto notation42, −b(a/c, un)b, i.e. a- or c-axis linearly-polarized lights entered the ca plane toward the −b axis and the
backscattered, unpolarized light was detected.
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intensities, except for the 0400 peak at 2θ~28°, seems to be
weakened via stirring. At 2θ~28°, the sharp peak disappears and,
alternatively, the broad peak appears (Fig. 5b). There are two
possible origins of this broad peak. One is the effect of thinning of
the LCCO crystal grains. Assuming that the surface of nanosheets
with a thickness of about 3 nm in Fig. 3 was normal to the b axis,
the Scherrer equation gave the full width of half maximum of
about 3° to the 0400 peak, which is consistent with the result of
Fig. 5b. The other is the precipitation of La(OH)3 because it is likely
that the La(OH)3 nanocrystal has a broad peak at about 28°37.
These two possibilities may affect the broad peak. No clear peaks
from crystals containing Na are found.
Figure 5c shows the dependence of the decomposition rate on

NaOH solution concentration at the 6 h stirring time, where the
rate was defined as the intensity ratio of CuO peak at about 39°
against the strongest LCCO peak at about 33°, referred to as ICuO/
I2400. The rate gradually increases as the concentration increases
in the range of 0–4mol/L and abruptly increases at 5 mol/L.
Figure 5d shows the dependence of the rate on the stirring time
for 5 mol/L concentration. The rate increases as stirring time
increases and seems to be saturated at ~6 h and subsequently
decreases. The decrease in rate may be due to a reaction between
precipitated CuO and water, i.e. CuO + H2O→ Cu(OH)2. Supple-
mentary Table 1 summarises the chemical reactions with the other
kinds of solutions.

Transmission electron microscopy (TEM)
We conducted TEM, electron diffraction (ED), and energy-
dispersive X-ray spectroscopy (EDX) for the same residues used
in the AFM observation. The bright field/high-resolution TEM
images (Fig. 6a, b) and ED pattern (Fig. 6c) were obtained because
the sheets are thin enough to allow electron transmission through
them. In Fig. 6c, we found that the thin sheets belong to the
orthorhombic system, which corresponds to that of LCCO, and the
diffraction pattern is able to be indexed using the lattice constants
of LCCO (Fig. 1a). In the lattice fringes (Fig. 6b) of the TEM image,
we observed the Moiré patterns throughout the area and steps
along the edge, indicating that the thin sheets have layer
structures with high crystal orientation that are strained and
mismatched, i.e. the thin sheets are under exfoliation process,
which may be consistent with the weak diffractions from the

high-index planes (Fig. 6c). Moreover, these sheets are confirmed
to have four elements (La, Ca, Cu, and O) composing LCCO, except
for C within a resolution of 0.1 at % using EDX analysis (Fig. 6d).
These results strongly support that the obtained thin sheets are
LCCO. In the ED patterns and high-resolution TEM, perfect single
crystals of LCCO should show diffraction patterns originating from
the two kinds of subsystems and clear lattice images38. The lack of
these patterns and images in the thin plate results from its
structural imperfection, but which is exactly the notable feature
indicating the exfoliation process.

DISCUSSIONS
We found that the nanosheets could be successfully obtained by
immersing polycrystalline LCCO into NaOH aqueous solution. The
nanosheets have been exfoliated from the LCCO grains and
retained the spin ladders causing the magnon thermal conductiv-
ity as the AFM, Raman spectroscopy and TEM indicate. However,
the nanosheets have not yet been perfectly assigned to LCCO. The
XRD results showed that Ca(OH)2 and CuO are precipitated as by-
products, and a notable broad peak appears. Meanwhile, for the
broad peak, we could hardly distinguish the effects of La(OH)3
precipitation and thinning of the LCCO grains.
We propose an exfoliation model consistent with these results.

Firstly, we must consider the origin of exfoliation. To elucidate it,
we investigated the morphology of LCCO single crystals larger
than the grains used for the nanosheet fabrication. Figure 7 shows
the polarised optical microscopic images of the single crystals
synthesised by TSFZ5 and solid-state reaction method with a
higher calcination temperature (See Methods regarding the
synthesis methods). After the 2min ceria polishing for the crystal
synthesised using the TSFZ method, we observed the steps and
terraces in the ca plane parallel to the ab and ca plane,
respectively (Fig. 7a). Interestingly, subsequent ceria polishing
along the c axis easily provides the strip-like thin plates whose
surface is normal to the b axis with a thickness of 80–200 nm,
determined using AFM. Alternatively, the steps and terraces
disappear (Fig. 7b). Moreover, the step lines parallel to the a axis
(Fig. 7a) are retained in the exfoliated thin plates, clearly seen in
Fig. 7b, c, i.e. the long sides of plates correspond to the a axis.
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We also see the steps and terraces in the as-prepared crystal
synthesised using the solid-state reaction method (Fig. 7e).
These results suggest that the origin of exfoliation of the strip-

like nanosheets from the LCCO grains by immersion in NaOH

aqueous solution can also be the intrinsic steps, which could not
be clearly observed in the SEM image (Fig. 2b). In other words, we
infer that the chemical reaction between the steps and solution
induces the exfoliation.

Fig. 6 TEM. The sample was the filter residues of polycrystalline LCCO subjected to immersion to NaOH aqueous solution with 5mol/L
concentration and 6 h stirring time. a Bright-field image of the thin sheet. b Lattice image in the edge. c Electron diffraction pattern. d EDX
spectrum. The peak due to Ni is derived from the Ni mesh holder.
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Fig. 7 Polarised optical microscopy. The ca plane of the single crystal synthesised using the TSFZ method subjected to a 2min and
b–d 5min ceria polishing along the c axis, followed by the rough polishing using sandpapers. b–d Show the uniformly coloured strip-like
areas, suggesting that the plates are the single crystal. e An as-prepared crystal grain synthesised by the solid-state reaction method with a
higher calcination temperature than that set for the nanosheet fabrication.
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Here, considering that LCCO comprises two subsystems,
(La5/14Ca9/14)2Cu2O3 and CuO2, the following reaction equation
can be proposed:

La5Ca9Cu24O41ð Þsub þ 19NaOH þ 7H2O

¼ 7 La5=14Ca9=14
� �

2Cu2O3

h i19þ
þ 2 10CuO2 þ hþ

� �
=2

� �19=2� þ 19NaOH þ 7H2O

¼ 5La OHð Þ3 þ 9Ca OHð Þ2 þ 14CuO þ 2 10Na1:9CuO2ð Þ=2½ �ex:
(1)

In the equation, (La5Ca9Cu24O41)sub is a subsystem of [7(La5/
14Ca9/14)2Cu2O3]19+ sandwiched by two subsystems of
[(10CuO2+ h+)/2]19/2−, where h+ is a self-doped hole and the
dividing by two means half contribution of each subsystem. The
subsystem of [7(La5/14Ca9/14)2Cu2O3]19+ is reacted with NaOH
solution to produce La(OH)3, Ca(OH)2, and CuO, which is
consistent with the XRD results (Fig. 5b). 2[(10Na1.9CuO2)/2]ex
correspond to two exfoliated surfaces modified by Na+. For the
thickness distribution, we have the following possible scenarios.
The successive exfoliation thins down the LCCO grains into plates.
Finally, the thickness of plates is close to the lattice constant b or
twice of b (Fig. 3f), which may be reasonable. This is because we
expect that the nanosheets with the same atomic arrangement in
both exfoliated sides are energetically stable. The slight increase
by ~0.2 nm from b or 2b is attributable to Na+ terminating CuO2

layers. We hardly observe the nanosheets with a thickness of
about 1.4 nm because of the collapse of the nanosheets, as shown
in Fig. 3f, which may arise from strains by adhesion to the
substrate. However, the actual reaction could be more compli-
cated than Eq. (1), causing higher order reaction with a nonlinear
relation between the reaction rate and the solution concentration
such as the rapid increase in reactivity at a concentration of
5 mol/L (Fig. 5c).
The magnon thermal conductivity and its control width in the

obtained nanosheets might not be enough for the practical
thermal management. This is because of the structural defects,
i.e., the overdoping of holes and the strain and mismatching in
layer structures by the reaction with the aqueous solution, as
seen in the Raman spectrum (Fig. 4) and the TEM images (Fig. 6).
However, we have two ideas to overcome it. One is annealing of
the nanosheets, which is expected to revive the crystal quality29.
The other is a combination with the mechanical exfoliation. We
found that the mechanical process is effective for the exfoliation
of LCCO but whose thickness is as thick as 80–200 nm (Fig. 7).
The mechanical process with transient immersion to the NaOH
solution will promote the nanosheet fabrication keeping their
structural order.
In summary, we successfully fabricated the nanosheets with a

thickness of about 3 nm from LCCO polycrystals with magnon
thermal conductivity. We infer that the nanosheets whose surfaces
are normal to the b axis and terminated by Na+ are produced by
exfoliation from LCCO crystal grains from the microscopies. The
Raman spectrum of the nanosheets shows the peak due to
magnons, leading to the high anisotropic thermal conductivity
and its controllability. By contrast, the phonon peaks disappear,
which can be the hole doping, leading to the screening effect;
however, the origin of the hole doping has not been clear. The
nanosheets prepared in this study are likely to have a high control
width of heat flow or thermal conductance as an order of
magnitude; consequently, the applications for advanced thermal
management will be anticipated. To the best of our knowledge,
this is the first time nanosheets of the spin-ladder system are
fabricated. Moreover, instead of mechanical exfoliation, a soft-
chemical method is applied to nanosheet fabrications for strongly
correlated cuprates, including superconductors. These fabrications
can also lead to new research development on the spin-ladder
system and other strongly correlated cuprates.

METHODS
Sample preparation and characterisations
Polycrystalline LCCO for nanosheet fabrication was synthesised
using a solid-state reaction method, according to the previous
reports7,39: La2O3, CaCO3, and CuO reagents with purities over
99.9% were weighed to obtain its cation molar ratio and ground in
an agate mortar. The mixed powder was placed in a Pt crucible
and heated using an electric furnace with a heating rate of 10 °C/
min. The calcination and grind were repeated three times. The
conditions were 920, 950, and 970 °C for 24, 24, and 72 h,
respectively in the order of the calcination.
Additionally, the two kinds of crystals were used only for

observing crystal planes. One is a single crystal synthesised
using the TSFZ method5, whose surface was roughly polished
using sandpapers and subsequently polished using ceria powder
and water. The other is polycrystals by the solid-state reaction
method, where only the third calcination condition was changed
to 1000 °C for 72 h.
The polycrystals were immersed in eight aqueous solutions,

NaOH, Ba(OH)2 ∙ 8H2O, MgO, H2O, NaCl, C6H4(COOK)(COOH),
H2SO4 and HCl aq. and stirred for 0–48 h at room temperature
using a magnetic stirrer with a rotational speed of 300 rpm. After
stirring, the residues were separated via filter papers. For the
polycrystals and separated residues, the XRD patterns were
recorded with a new D8 advance apparatus (Bruker) using CuKα
radiation and a θ–2θ configuration. The morphology of the
polycrystals was inspected through optical microscopy and SEM
(VE-9800, KEYENCE). The residues were immersed in pure water
and restirred using an ultrasonic homogeniser (UH-600S, SMT Co.
Ltd.). A drop of the restirred solution was placed on the Si
substrate and dried in a vacuum desiccator. The deposits on the
substrate were observed through AFM (Nanocute, Hitachi High-
Tech Corporation) and Raman spectroscopy (NRS-4500, JASCO).
For the Raman spectroscopy, the apparatus included confocal
microscopy with a 100× objective lens and an excitation source
of 532 nm laser light. The scattered light was detected with a
backscattering configuration with no polariser, whereas the
incident light was linearly polarised. The residues dispersed in
ethanol and placed on a Ni mesh holder were inspected using
TEM (JEM-2100F, JEOL) equipped with EDX.
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the corresponding authors on reasonable request.
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