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Note S1: XRD analysis of samples before and after calcination 

 

 

Figure S1. XRD patterns of 𝐿𝑎2𝐶𝑢𝑂4 samples before and after calcination. (a) XRD patterns 

recorded from the 𝐿𝑎2𝐶𝑢𝑂4 nanoparticle (NP) and nanorod (NR) samples after hydrothermal 

treatment. (b) XRD patterns recorded from the 𝐿𝑎2𝐶𝑢𝑂4 NP and NR samples after calcination 

and 𝐿𝑎2𝐶𝑢𝑂4 after solid state reaction (SSR). 

 

Figure S1a shows that, following hydrothermal treatment, the La2CuO4 nanoparticle (NP) and 

nanorod (NR) samples have identical compositions, each consisting of La(OH)3 (PDF#: 78-

0190) and CuO (PDF#: 74-1021). Figure S1b shows that, after calcination, a La2CuO4 phase 

(PDF#: 82-2142) forms in both samples. In the NR sample, a trace amount of CuO impurity is 

observed. A pure La2CuO4 phase is formed in the sample prepared via solid state reaction 

(SSR). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

Note S2: EDX characterization of La2CuO4 nanostructures 

 

 

Figure S2. EDX characterization of La2CuO4 nanostructures. (a) SEM image of 𝐿𝑎2𝐶𝑢𝑂4 

nanoparticles after calcination. (b, c, d) Elemental distributions of 𝐿𝑎 , 𝐶𝑢  and 𝑂  in the 

𝐿𝑎2𝐶𝑢𝑂4  nanoparticles. (e) SEM image of a 𝐿𝑎2𝐶𝑢𝑂4  nanorod after calcination. 

(f, g, h) Elemental distributions of 𝐿𝑎, 𝐶𝑢 and 𝑂 in the 𝐿𝑎2𝐶𝑢𝑂4 nanorod. 

 

We used energy dispersive X-ray (EDX) analysis in a scanning electron microscope to examine 

elemental distributions in the La2CuO4 nanostructures after calcination. Figures S2a-d show 

EDX elemental mapping of the constituent elements (La, Cu and O), which exhibit chemical 

uniformity across the La2CuO4 nanoparticles. Figures S2e-h show even distributions of La, Cu 

and O in individual La2CuO4 nanorods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

Note S3: Effect of heating rate on La2CuO4 nanorod morphology 

 

 

Figure S3. Effect of heating rate on La2CuO4 nanorod morphology. (a, b, c) SEM images of 

𝐿𝑎2𝐶𝑢𝑂4 nanorods that had been subjected to different heating rates during calcination. The 

scale bars are all 5 μm. (d) Distributions of nanorod lengths for different heating rates. 

 

The calcination process involved two steps. In the first step, the hydrothermal product was 

calcined in air at a heating rate of 1 K/min from room temperature to 400 °C. The sample was 

kept at this temperature for 1 h. The second step involved further heating of the solid at rates 

of 1-3 K/min to 850 °C. The sample was then maintained at 850 °C for 6 h. A noteworthy 

observation is that the heating rates in the second step seemed to affect the length and surface 

smoothness of the La2CuO4 nanorods. Figures S3a-c show that the use of higher heating rates 

leads to the formation of more elongated nanorods with smoother surfaces. Figure S3d shows 

that the average nanorod lengths are 1.3, 3.4 and 5.8 µm for heating rates of 1, 2 and 3 K/min, 

respectively. Figure S3b also reveals the presence of some nano-bamboo structures. Unlike 

the nanorods, the nano-bamboos have shorter lengths and coarser surface textures. These 

features are attributed to the slower heating rate applied during calcination, which leads to 

fragmentation in the nanostructures. Therefore, a more rapid heating rate results in an optimal 

surface energy, favoring the growth of longer and smoother nanorods. 

 

 

 

 

 

 



  

Note S4: TEM characterization of a La2CuO4 nano-bamboo 

 

 

Figure S4. TEM characterization of a La2CuO4 nano-bamboo. (a) Bright-field TEM image of a 

nano-bamboo structure prepared at a heating rate of 2 K/min. The scale bar is 1 μm. 

(b) Selected area electron diffraction pattern recorded from the nano-bamboo structure in (a). 

The scale bar is 5 nm-1. (c) High-resolution TEM image. The scale bar is 10 nm. The inset 

shows a fast Fourier transform (FFT). (d) Filtered inverse FFT of the marked area in (c). The 

scale bar is 2 nm. 

 

Transmission electron microscopy (TEM) was used to characterize the La2CuO4  nano-

bamboos. Figure S4a shows a nano-bamboo that is composed of several grains, linked by 

distinct grain boundaries, culminating in a bamboo-like morphology with an approximate length 

of 3.3 µm. Figure S4b shows a selected area electron diffraction pattern, which confirms that 

each grain is a single crystal. Figure S4d shows a filtered inverse FFT of the 20 × 20 nm2 region 

marked in the high-resolution TEM image in Figure. S4c, in which several dislocations indicated 

by red circles are visible. It is important to note that uniform heating of all solids cannot be 

guaranteed during the calcination process. As a result, even when applying a heating rate of 3 

K/min, there is still a possibility of nano-bamboo formation. The presence of defects in the nano-

bamboos may reduce the thermal conductivity of the sample. 

 

 

 

 

 

 

 

 

 

 

 



  

Note S5: EDX mapping of samples after SPS 

 

   

Figure S5. SEM images and element mapping by EDX. (a) NP, (b) NR, and (c) SSR samples 

after SPS. The scale bars are all 50 μm. 

 

As shown in Figure S5, SEM images were obtained for the NP, NR, and SSR samples after 

SPS. The samples exhibit homogeneity in microstructure. Furthermore, all three elements, La, 

Cu, and O, are uniformly distributed in the three samples, as confirmed by the EDX study. 

 



  

Note S6: Raman spectra below 1500 cm-1  

As illustrated in the Figure S6, the Raman spectra between 750 and 1500 cm-1 are represented 

by the pink shaded area, while the yellow shaded area corresponds to the spectra below 750 

cm-1.  The dashed lines within the pink area indicate the two-phonon bands of La2CuO4, while 

the dashed line in the yellow area delineates the one-phonon bands. The labeled peak positions 

are consistent with previous Raman studies.1,2 It is noted that there are some discrepancies in 

the intensity of the Raman peaks compared to the previous work, which could be due to 

differences in laser beam energy. 

 

Figure S6. Raman spectra recorded from the SSR, NR and NP samples after SPS treatment, 

excited by a 532 nm laser. Pink shaded area represents the Raman shift between 750 and 

1500 cm-1. Yellow shaded area shows to the Raman shift below 750 cm-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

Note S7: Thermal conductivity measurements and uncertainty analysis 

The samples were cut to standard dimensions of 1.5 × 1.5 × 8 mm3 for measurements of 

thermal conductivity (𝜅 ) using a uuantum Design Physical Property Measurement System 

(PPMS) operated in a steady-state 4-probe continuous mode. The measurements were carried 

out over a temperature range of 3 to 350 K. Data acquisition was performed continuously at a 

low heating rate of 0.3 K min-1. The software automatically adjusted other measurement 

parameters, such as the heating power and period.3 A square wave heat pulse was 

administered, and the resulting temperature difference between the hot and cold probes was 

measured over time. The steady state temperature difference was determined by fitting the 

data using the expression 

 ∆𝑇 = ∆𝑇∞ × (1 −
𝜏1×exp(−

𝑡

𝑡1
)−𝜏2×exp(−

𝑡

𝑡2
)

𝜏1−𝜏2
), (1) 

where ∆𝑇  is the measured temperature difference, ∆𝑇∞  is the steady-state temperature 

difference, and 𝜏1 and 𝜏2 are time constants. Once ∆𝑇∞ has been determined, the thermal 

conductance (𝐾) can be calculated from the following equations: 

 𝐾 = 𝑃 ∆𝑇∞⁄  (2) 

 𝑃 = 𝐼2𝑅 − 𝑃𝑟𝑎𝑑 (3) 

 𝑃𝑟𝑎𝑑 = 𝜎𝑇 × (
𝑆

2
) × 𝜀 × (𝑇ℎ𝑜𝑡

4 − 𝑇𝑐𝑜𝑙𝑑
4 )  , (4) 

where 𝑃 is the heat flowing through the sample, 𝐼 is the current flowing into the sample, 𝑅 is 

the resistance of the heater, 𝜎𝑇 = 5.67 × 10-8 Wm-2K-4 is the Stefan-Boltzmann constant, 𝑆 is 

the surface area of the sample, 𝜀 is the emissivity, and 𝑇ℎ𝑜𝑡 and 𝑇𝑐𝑜𝑙𝑑 are the temperatures 

of the hot and cold probes, respectively. The value of 𝜅  can then be obtained from the 

expressions 

 𝜅 = 𝐾𝑠𝑎𝑚𝑝𝑙𝑒 × 𝑙 (𝑤 × 𝑡)⁄  (5) 

 𝐾𝑠𝑎𝑚𝑝𝑙𝑒 = 𝐾 − 𝐾𝑠ℎ𝑜𝑒 (6) 

 𝐾𝑠ℎ𝑜𝑒 = 𝑎𝑇 + 𝑏𝑇2 + 𝑐𝑇3  , (7) 

where 𝐾𝑠𝑎𝑚𝑝𝑙𝑒  and 𝐾𝑠ℎ𝑜𝑒  are the thermal conductance of the sample and the thermal 

conductance of the shoe assembly, respectively, 𝑎, 𝑏 and 𝑐 are constants, and 𝑙, 𝑤 and 𝑡 

are the distance between the hot and cold probes and the width and thickness of the sample, 

separately. The measurement of 𝜅 is subject to errors from multiple origins. These include 

errors in the fitting of ∆𝑇 , uncertainties in the measurement of the heating power, and 

inaccuracies in estimating radiation losses due to errors in sample surface area and emissivity. 

Based on the PPMS measurements, the surface radiation heat loss from the La2CuO4 samples 

is calculated to be less than 0.4% of the heat conduction in the La2CuO4. Furthermore, it is 

crucial to account for errors in 𝐾𝑠ℎ𝑜𝑒 , as well as in measurements of the sample size and 

distance (𝑑) between the hot and cold probes. The total error can be expressed as follows: 

 𝜎(𝜅) = 𝜅 × √(
𝑅∆𝑇

∆𝑇∞
)2 + (2

𝐼𝑅𝜕𝐼

𝑃
)2 + (

0.2×𝑃𝑟𝑎𝑑

𝑃
)2 + (

0.1×𝑇∞×𝐾𝑠ℎ𝑜𝑒

𝑃
)2 + (

Δ𝑙

𝑙
)2 + (

Δ𝑤

𝑤
)2 + (

Δ𝑡

𝑡
)2  , (8) 

where 𝑅∆𝑇 is a residual term from the fitting of ∆𝑇 versus 𝑡. 

 

 

 

 



  

Note S8: Texture of the NR sample after spark plasma sintering 

 

 

Figure S7. XRD patterns of 𝐿𝑎2𝐶𝑢𝑂4 NPs after SPS taken on planes parallel and 

perpendicular to the press direction. 

 

In order to investigate the texture of the NR sample after spark plasma sintering (SPS), XRD 

analysis was performed on planes parallel (in-plane, IP) and perpendicular (out-of-plane, OP) 

to the press direction, as shown in Figure. S7. The diffraction intensity of the (111)  peak 

measured on the plane parallel to the press direction is much stronger than that on the plane 

perpendicular to the press direction. Given that the growth direction of the La2CuO4 nanorods 

is [111], the anisotropy observed in the XRD patterns can be attributed to the NRs having a 

greater tendency to align along the in-plane direction during SPS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

Note S9: Correction for porosity effect 

The Maxwell-Eucken relation is a useful theoretical model for determining the thermal 

conductivity of composite materials, especially useful for materials made up of a two-phase 

mixture, such as a porous medium.4 Based on the Maxwell-Eucken relation, the equation for 

eliminating the impact of porosity on thermal transport can be expressed as follows:5 

 𝜅 = 𝜅s
𝜅p+2𝜅s+2Φ(𝜅p−𝜅s)

𝜅p+2𝜅s−Φ(𝜅p−𝜅s)
,  (9) 

where 𝜅 represents the measured thermal conductivity, 𝜅p is the thermal conductivity of pores, 

Φ denotes the porosity, and 𝜅s is the solid thermal conductivity, assumed to be the value when 

the porosity is 0. Generally, accurately obtaining 𝜅p  is challenging due to the influence of 

external factors, such as air and moisture. However, our measurements were conducted under 

ultra-high vacuum conditions. This ensures that the pores do not contribute to heat conduction, 

allowing us to consider 𝜅p = 0. Therefore, equation 4 in the main text can be simplified as:  

 𝜅s = 𝜅
2+Φ

2−2Φ
. (10) 

In addition, Smith et al.5 have verified that when Φ is smaller than 0.65, this relation shows 

good agreement with experimental data on several oxides. Meanwhile, the Maxwell-Eucken 

relation has been widely used in many material systems,6–16 with porosity comparable to that 

of our samples. Given that the porosity of the SSR, NR, and NP samples in our study are 25%, 

16%, and 10% respectively, all significantly lower than 65%, this relation can offer a reasonable 

correction for the effect of porosity in our samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

Note S10: Fitting of lattice thermal conductivity using the Debye-Callaway model 

Based on the previous study by Hess et al.17, the contribution to 𝜅 from magnons is negligible 

below ~50 K, with phonon transport then dominating. Therefore, we fitted the 𝜅 data at lower 

temperatures to the Debye-Callaway model for 3D phonon transport and extrapolated the fitting 

results at higher temperatures18 

 𝜅L =
𝑘B

2𝜋2𝑣s
(

𝑘B𝑇

ℏ
)

3

∫
𝑥4e𝑥

𝜏p
−1(e𝑥−1)2 d𝑥

𝜃D 𝑇⁄

0
  , (11) 

where 𝜅L is the lattice thermal conductivity, 𝑘B is the Boltzmann constant, 𝑣s is the sound 

velocity, ℏ is the reduced Planck constant, 𝜃D is the Debye temperature, and 𝑥 =
ℏ𝜔

𝑘B𝑇
. The 

specific heat (𝐶p) of the sample is fitted by the following equations: 

 
𝐶p

𝑇
=

𝛾

𝑀
+

12𝜋4𝑁𝑘𝐵

5𝑀𝜃D
3 𝑇2 (12) 

 𝜃D =
ℏ𝑣s

𝑘B
∙ (

6𝜋2𝑁

𝑉
)1 3⁄   , (13) 

where 𝛾 is the electronic heat capacity coefficient, 𝑀 is the molar mass, 𝑁 is the number of 

atoms per unit cell, and 𝑉 is the unit cell volume. 

 

Figure S8. Experimental and fitting results of 𝐶𝑝 𝑇⁄  versus 𝑇2 at lower temperatures. 

 

Based on the fitting results shown in Figure S8, 𝜃D was found to be 307 K, with 𝑣s equal to 

3073 ms-1. The phonon relaxation time 𝜏p can be affected by various scattering processes, 

including defect scattering, Umklapp scattering, and boundary scattering. According to 

Matthiessen’s rule, 𝜏p can be expressed in the form 

 𝜏p
−1 = 𝜏d

−1 + 𝜏U
−1 + 𝜏b

−1 = 𝐴𝜔4 + 𝐵e−𝑏 𝑇⁄ 𝑇3𝜔2 +
𝑣s

𝐿
  , (14) 

where 𝐴  is the fitting parameter for defect scattering, 𝐵  and 𝑏  are fitting parameters for 

Umklapp scattering, and 𝐿  is the phonon-boundary scattering mean free path (MFP). The 

obtained fitting parameters are listed in Table S1. 

 

 

 



  

Table S1. Fitting parameters of the Debye-Callaway model for six 𝐿𝑎2𝐶𝑢𝑂4 polycrystalline 

samples and two reported single crystals. 

Sample 𝐴 (s3) 𝐵 (s∙ K-3) 𝑏 (K) 𝐿 (m) 

LCO-SSR-IP 0.824×10-42 3.814×10-18 46.082 9.851×10-7 

LCO-SSR-OP 0.753×10-42 5.013×10-18 35.342 9.254×10-7 

LCO-NR-IP 1.902×10-42 5.826×10-18 45.018 6.958×10-7 

LCO-NR-OP 2.635×10-42 7.817×10-18 34.217 4.714×10-7 

LCO-NP-IP 1.651×10-42 8.074×10-18 40.513 4.732×10-7 

LCO-NP-OP 3.078×10-42 8.132×10-18 53.072 4.604×10-7 

LCO-xtl-Hess 3.056×10-42 4.712×10-18 39.324 3.702×10-6 

LCO-xtl-Sun 8.156×10-43 7.213×10-18 39.071 3.743×10-6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

Note S11: Reliability of the Debye-Callaway model 

In order to justify the use of the “extrapolating” approach, we tested this method on the thermal 

conductivity of La2CuO4 along the c-axis, where thermal transport is predominantly phonon-

driven. Initially, we fitted the thermal conductivity data between 2 K and 50 K using the Debye-

Callaway model. This fitting was then extrapolated to higher temperatures, ranging from 50 to 

300 K. As shown in Figure S9, the extrapolated curve closely aligns with the experimental data, 

with negligible deviations. Additionally, the fitting parameters obtained for phonon-phonon 

scattering are comparable to those for thermal conductivity along the ab plane. These results 

suggest that our approach for determining the lattice thermal conductivity at high temperatures 

is reasonable. Furthermore, this method has also been employed in several previous studies 

to estimate kL and analyze magnon thermal transport in various magnetic materials.17,19–24 

  

Figure S9. Thermal conductivity of single crystal (xtl) data along the 𝑐-axis.25 The black solid 

line represents the fitting results of the lattice thermal conductivity based on the Debye–

Callaway model, where 𝐴 110.55*110-43 s3, 𝐵 1..713*110-1. s ∙ 𝐾 -3, 𝑏 159.071 K, and 

𝐿13.743110-* m. The blue dashed line shows the results by extrapolating the fitting to high 

temperatures. The red dotted line shows the deviation between the experimental data and the 

extrapolated results in the temperature range of 50 to 300 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

Note S12: Equations for intrinsic magnon thermal conductivity 

The magnon thermal conductivity can be obtained using the following equation:17  

 𝜅m = 𝜅s − 𝜅L, (15) 

where 𝜅m  is the thermal conductivity contributed by magnons, 𝜅s  is the solid thermal 

conductivity, and 𝜅L is the lattice thermal conductivity contributed by phonons. Since La2CuO4 

is an insulator, the contribution of electrons to thermal conductivity can be ignored. The 

dominant heat carriers in this material are phonons and magnons. The solid thermal 

conductivity is, therefore, the sum of the magnon and lattice thermal conductivities. 

Consequently, the magnon thermal conductivity can be determined by subtracting the lattice 

thermal conductivity from the solid thermal conductivity. 

In La2CuO4, the intrinsic magnon thermal conductivity (𝜅m
𝑖  ) along the ab plane can be 

calculated as:17 

 𝜅m
𝑖 =

3

2
(𝜅𝑝𝑜𝑙𝑦 − 𝜅L

𝑝𝑜𝑙𝑦
) =

3

2
𝜅m

𝑝𝑜𝑙𝑦
=

3

2

(2𝜅m,IP+𝜅m,OP)

3
, (16) 

where 𝜅𝑝𝑜𝑙𝑦 , 𝜅L
𝑝𝑜𝑙𝑦

 , 𝜅m
𝑝𝑜𝑙𝑦

  are the thermal conductivity, lattice thermal conductivity, and 

magnon thermal conductivity of polycrystals, respectively. Additionally, 𝜅m,IP  and  𝜅m,OP 

denote the magnon thermal conductivities obtained from samples cut parallel (in-plane, IP) and 

perpendicular (out-of-plane, OP), respectively, to the Spark Plasma Sintering (SPS) uniaxial 

pressure direction. The specific derivation process of equation 16 is as follows: 

In polycrystals, since the crystal orientation of each grain is randomly distributed, the 

polycrystalline thermal conductivity can be treated as the average value of the thermal 

conductivity along the 𝑎-, 𝑏-, and 𝑐-axes: 

 𝜅𝑝𝑜𝑙𝑦 =
(𝜅𝑎+𝜅𝑏+𝜅𝑐)

3
, (17) 

 𝜅L
𝑝𝑜𝑙𝑦

=
(𝜅𝑎,L+𝜅𝑏,L+𝜅𝑐,L)

3
, (18) 

where 𝜅𝑎, 𝜅𝑏, and 𝜅𝑐 represent the values of thermal conductivity along the 𝑎-, 𝑏-, and 𝑐-

axes, respectively, and 𝜅𝑎,L, 𝜅𝑏,L, and 𝜅𝑐,L are the values of lattice thermal conductivity along 

the 𝑎-, 𝑏-, and 𝑐-axes, separately. In addition, since La2CuO4 exhibits a 2D magnetic structure 

with its spin-plane ( 𝑎𝑏 -plane) possessing extremely high symmetry, the value of 𝜅𝑐  is 

determined only by phonons. This indicates that 𝜅𝑐 = 𝜅𝑐,L, and the contribution of magnons 

along the 𝑐 -axis is zero (𝜅𝑐,m =  0). In contrast, the value of 𝜅  in the 𝑎𝑏 -plane (𝜅𝑎𝑏 ) is 

uniform,26,27 involving both phonons (𝜅𝑎𝑏,L ) and magnons (𝜅𝑎𝑏,m ) in thermal transport. This 

implies that the 𝜅 along both 𝑎- and 𝑏-axes are identical to 𝜅𝑎𝑏: 

 𝜅𝑎 = 𝜅𝑏 = 𝜅𝑎𝑏,  (19) 

 𝜅𝑎,L = 𝜅𝑏,L = 𝜅𝑎𝑏,L, (20) 

 𝜅𝑎,m = 𝜅𝑏,m = 𝜅𝑎𝑏,m.  (21) 

Furthermore, due to its unique spin-plane structure, the maximum capacity of La2CuO4 for 

magnon-based thermal transport can only be realized in the 𝑎𝑏-plane. This implies: 

 𝜅m
𝑖 = 𝜅𝑎𝑏,m. (22) 

 

Therefore 𝜅m
𝑝𝑜𝑙𝑦

 can be expressed as: 

𝜅m
𝑝𝑜𝑙𝑦

= 𝜅𝑝𝑜𝑙𝑦 − 𝜅L
𝑝𝑜𝑙𝑦

= 
(𝜅𝑎+𝜅𝑏+𝜅𝑐)

3
−

(𝜅𝑎,L+𝜅𝑏,L+𝜅𝑐,L)

3
= 

(2𝜅𝑎𝑏+𝜅𝑐)

3
−

(2𝜅𝑎𝑏,L+𝜅𝑐,L)

3
 



  

 =
(2𝜅𝑎𝑏,L+2𝜅𝑎𝑏,m+𝜅𝑐)

3
−

(2𝜅𝑎𝑏,L+𝜅𝑐,L)

3
=

2𝜅𝑎𝑏,m

3
=

2𝜅m
𝑖

3
. (23) 

The polycrystalline thermal conductivity can be directly measured in polycrystal samples. 

However, the SPS process can induce anisotropy between directions parallel and 

perpendicular to the SPS uniaxial pressure. In order to mitigate the inaccuracies caused by this 

anisotropy, it’s necessary to measure the thermal conductivity in three mutually perpendicular 

directions. One of these directions is out-of-plane, and the other two are in-plane but 

perpendicular to each other. Averaging the values obtained from these directions provides a 

more accurate representation of the polycrystalline thermal conductivity. As the SPS process 

does not introduce anisotropy in the in-plane directions, the thermal conductivity is uniform 

across these in-plane directions. Therefore, 𝜅m
𝑝𝑜𝑙𝑦

 can also be expressed as: 

 𝜅m
𝑝𝑜𝑙𝑦

= 𝜅𝑝𝑜𝑙𝑦 − 𝜅L
𝑝𝑜𝑙𝑦

= 
(2𝜅IP+𝜅OP)

3
−

(2𝜅L,IP+𝜅L,OP)

3
=

(2𝜅m,IP+𝜅m,OP)

3
, (24) 

where 𝜅IP and 𝜅OP represent the thermal conductivities measured from the in-plane and out-

of-plane directions of the sample, respectively, while 𝜅L,IP and 𝜅L,OP are the lattice thermal 

conductivities of the in-plane and out-of-plane directions, separately. 

In summary: 

𝜅m
𝑝𝑜𝑙𝑦

= 𝜅𝑝𝑜𝑙𝑦 − 𝜅L
𝑝𝑜𝑙𝑦

=
(2𝜅m,IP+𝜅m,OP)

3
=

2𝜅𝑎𝑏,m

3
=

2𝜅m
𝑖

3
, 

 →  𝜅m
𝑖 =

3

2
(𝜅𝑝𝑜𝑙𝑦 − 𝜅L

𝑝𝑜𝑙𝑦
) =

3

2
𝜅m

𝑝𝑜𝑙𝑦
=

3

2

(2𝜅m,IP+𝜅m,OP)

3
, (16) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

Note S13: Magnon thermal conductivity calculation 

 

 

Figure S10. Magnon thermal conductivity calculation. (a) Calculated magnon thermal 

conductivity of 𝐿𝑎2𝐶𝑢𝑂4 with various grain sizes using equations 7 and . in the main text. Black 

open squares represent the magnon thermal conductivity of the 𝐿𝑎2𝐶𝑢𝑂4 single crystal (xtl) 

data along the 𝑎𝑏-plane reported by Hess et al. 17 (b) Fitting of the intrinsic magnon thermal 

conductivity of the SSR, NR and NP samples using equations 7 and 9 in the main text by 

considering boundary and defect scattering based on the 𝐿𝑎2𝐶𝑢𝑂4  single-crystal (xtl) data 

along the 𝑎𝑏-plane reported by Sun et al.25 

 

In order to explore the correlation between magnon thermal conductivity (𝜅m) and grain size, 

𝜅m  was calculated over the temperature range 50 to 350 K for various grain sizes. The 

calculations incorporated the magnon-boundary scattering MFP (𝑙b) in the expression for the 

total magnon MFP using equations 7 and 8 from the main text. Figure S10a shows that, in the 

absence of additional defect scattering, the value of 𝜅m for a sample with a value of 𝑙b of 

10 μm does not show a significant variation compared to a single crystal. Suppression of 𝑙b to 

100 nm can reduce 𝜅m by nearly half. 

We used equations 7 and 9 in the main text, which consider both boundary and defect 

scattering, to account for the presence of defects in the samples. As discussed in the main text, 

the magnon-defect scattering MFP should follow the expression 𝑙d
−1 = 𝑐d𝑘3 for 2D magnon 

transport in spin-plane compounds, where 𝑐d  is a constant. Figure S10 shows that, after 

accounting for both boundary and defect scattering, good agreement is achieved between our 

experimental results and the fits over the temperature range 100 to 300 K.   
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