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Note S1: XRD analysis of samples before and after calcination
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Figure S1. XRD patterns of La,Cu0, samples before and after calcination. (a) XRD patterns

recorded from the La,Cu0, nanoparticle (NP) and nanorod (NR) samples after hydrothermal

treatment. (b) XRD patterns recorded from the La,Cu0, NP and NR samples after calcination
and La,Cu0, after solid state reaction (SSR).

Figure S1a shows that, following hydrothermal treatment, the La,Cu0, nanoparticle (NP) and

nanorod (NR) samples have identical compositions, each consisting of La(OH); (PDF#: 78-
0190) and CuO (PDF#: 74-1021). Figure S1b shows that, after calcination, a La,Cu0, phase
(PDF#: 82-2142) forms in both samples. In the NR sample, a trace amount of CuO impurity is

observed. A pure La,Cu0O, phase is formed in the sample prepared via solid state reaction

(SSR).



Note S2: EDX characterization of La2CuO4 nanostructures

Figure S2. EDX characterization of La:CuOs nanostructures. (a) SEM image of La,CuO,
nanoparticles after calcination. (b, c, d) Elemental distributions of La, Cu and O in the
La,Cu0, nanoparticles. (e) SEM image of a La,Cu0O, nanorod after calcination.
(f, 9, h) Elemental distributions of La, Cu and O inthe La,Cu0, nanorod.

We used energy dispersive X-ray (EDX) analysis in a scanning electron microscope to examine
elemental distributions in the La,Cu0, nanostructures after calcination. Figures S2a-d show
EDX elemental mapping of the constituent elements (La, Cu and 0), which exhibit chemical
uniformity across the La,CuQ, nanoparticles. Figures S2e-h show even distributions of La, Cu
and O inindividual La,Cu0, nanorods.



Note S3: Effect of heating rate on La2CuO4 nanorod morphology
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Figure S3. Effect of heating rate on La2CuQO4 nanorod morphology. (a, b, c) SEM images of
La,Cu0, nanorods that had been subjected to different heating rates during calcination. The
scale bars are all 5 um. (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 La,Cu0, 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 um 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
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Figure S4. TEM characterization of a La2CuO+ 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 um.
(b) Selected area electron diffraction pattern recorded from the nano-bamboo structure in (a).
The scale bar is 5 nm™'. (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 baris 2 nm.

Transmission electron microscopy (TEM) was used to characterize the La,Cu0O, 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 um. 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 x 20 nm? 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 um.

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™'

As illustrated in the Figure S6, the Raman spectra between 750 and 1500 cm" are represented
by the pink shaded area, while the yellow shaded area corresponds to the spectra below 750
cm™'. The dashed lines within the pink area indicate the two-phonon bands of La2CuQs4, while
the dashed line in the yellow area delineates the one-phonon bands. The labeled peak positions
are consistent with previous Raman studies.’? 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.
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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’'. Yellow shaded area shows to the Raman shift below 750 cm™.



Note S7: Thermal conductivity measurements and uncertainty analysis

The samples were cut to standard dimensions of 1.5 x 1.5 x 8 mm® for measurements of
thermal conductivity (k) using a Quantum 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"'. The software automatically adjusted other measurement
parameters, such as the heating power and period.®> 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

AT = AT, x (1 — 2= exel7,)- szexp(__2)), (1)

T1—72

where AT is the measured temperature difference, AT, is the steady-state temperature
difference, and 7, and t, are time constants. Once AT, has been determined, the thermal
conductance (K) can be calculated from the following equations:

K = P/AT,, 2)
P =1?R = Praq (3)
P, =0 X () xex (TE, —T* 4
rad = OT (2) & X (Tyy, cold) 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, o = 5.67 x 10®® Wm2K* is the Stefan-Boltzmann constant, S is
the surface area of the sample, ¢ is the emissivity, and T;,; and T,,,; are the temperatures
of the hot and cold probes, respectively. The value of k¥ can then be obtained from the
expressions

K= Ksample X l/(W Xt) 5)
Ksample =K — Ksnoe (6)
Ksnoe = aT + bT? + ¢T3 7

where Kggmpe and Kg,. are the thermal conductance of the sample and the thermal
conductance of the shoe assembly, respectively, a, b and ¢ are constants, and [, w and t
are the distance between the hot and cold probes and the width and thickness of the sample,
separately. The measurement of x is subject to errors from multiple origins. These include
errors in the fitting of AT, 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 La,Cu0, samples
is calculated to be less than 0.4% of the heat conduction in the La,Cu0,. Furthermore, it is
crucial to account for errors in K., 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:

IROI

0() = e [(RIy2 4+ (210002 4 (B2t o (e o By g B2 g (B2 (8)

where R, is a residual term from the fitting of AT versus t.



Note S8: Texture of the NR sample after spark plasma sintering
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Figure S7. XRD patterns of La,Cu0, 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 La,Cu0, 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.* Based on the Maxwell-Eucken relation, the equation for
eliminating the impact of porosity on thermal transport can be expressed as follows:®

Kp+2Ks+2P (kp—Ks)
K=Kg————————

©)

Kp+2Ks—D(kp—Ks) ’

where k represents the measured thermal conductivity, k, isthe thermal conductivity of pores,

P
@ denotes the porosity, and kg is the solid thermal conductivity, assumed to be the value when
the porosity is 0. Generally, accurately obtaining x, 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 k, = 0. Therefore, equation 4 in the main text can be simplified as:

2+d

Ks = Ko—. (10)

In addition, Smith et al.5 have verified that when @& 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,5'® 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."’, the contribution to x from magnons is negligible
below ~50 K, with phonon transport then dominating. Therefore, we fitted the k data at lower
temperatures to the Debye-Callaway model for 3D phonon transport and extrapolated the fitting
results at higher temperatures'®

K = kB (kBT)3
L= 2m2vg \ h

6p/T  x*e*
fO ‘rgl(e—x—l)zdx , (11)
where ki, is the lattice thermal conductivity, kg is the Boltzmann constant, vs is the sound

velocity, A is the reduced Planck constant, 8 is the Debye temperature, and x = I;—“’T The

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

Cp _ v , 12n*Nkp
T M 5MO3 T (12)
_ % . 62N 1/3
by == (TS (13)

where y 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.
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Figure S8. Experimental and fitting results of C,/T versus T? at lower temperatures.

Based on the fitting results shown in Figure S8, 8, was found to be 307 K, with v, equal to
3073 ms™'. The phonon relaxation time 7, can be affected by various scattering processes,
including defect scattering, Umklapp scattering, and boundary scattering. According to
Matthiessen’s rule, 7, can be expressed in the form

=Tyt gt 4Tt =Aa)4+Be"’/TT3a)2+VL—S , (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.



samples and two reported single crystals.

Table S1. Fitting parameters of the Debye-Callaway model for six La,Cu0, polycrystalline

Sample A (s%) B (s K?) b (K) L (m)
LCO-SSR-IP 0.824x1042 3.814x1018 46.082 9.851x107
LCO-SSR-OP 0.753x1042 5.013x1018 35.342 9.254x107

LCO-NR-IP 1.902x1042 5.826x10-18 45.018 6.958x1077
LCO-NR-OP 2.635x1042 7.817x1018 34.217 4.714x107
LCO-NP-IP 1.651x1042 8.074x1018 40.513 4.732x107
LCO-NP-OP 3.078x1042 8.132x1018 53.072 4.604x107
LCO-xtl-Hess 3.056x1042 4.712x10718 39.324 3.702x106
LCO-xtl-Sun 8.156x1043 7.213x1018 39.071 3.743x10




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 k. and analyze magnon thermal transport in various magnetic materials.'”19-24
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Figure S9. Thermal conductivity of single crystal (xtl) data along the c-axis.?® The black solid
line represents the fitting results of the lattice thermal conductivity based on the Debye—
Callaway model, where A =10.556*10% s%, B =8.7136*10"% s-K 3, b =59.071 K, and
L=3.743*10° 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 S$12: Equations for intrinsic magnon thermal conductivity
The magnon thermal conductivity can be obtained using the following equation:"”

Km = Ks — K, (15)
where k, is the thermal conductivity contributed by magnons, x; is the solid thermal
conductivity, and k;, is the lattice thermal conductivity contributed by phonons. Since La2CuQO4
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 La2CuQa, the intrinsic magnon thermal conductivity (k%) along the ab plane can be
calculated as:"”

Kl = %(Kpoly — koY) = %K&OW _ %(ka,IP;'Km,OP), (16)
where kPO | kP P are the thermal conductivity, lattice thermal conductivity, and
magnon thermal conductivity of polycrystals, respectively. Additionally, xp,;p and K 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:

Kpoly — (Ka+’€3b+’€c), (17)

Kfoly _ (Ka,L"'K:,L"'Kc,L)7 (18)
where k,, k3, and k. represent the values of thermal conductivity along the a-, b-, and c-
axes, respectively, and k1, k1, and k., are the values of lattice thermal conductivity along
the a-, b-, and c-axes, separately. In addition, since La2CuQO4 exhibits a 2D magnetic structure
with its spin-plane (ab -plane) possessing extremely high symmetry, the value of k. is
determined only by phonons. This indicates that x. = k., and the contribution of magnons
along the c-axis is zero (k. = 0). In contrast, the value of k in the ab-plane (k) is
uniform,?:27 involving both phonons (k,;;) and magnons (kq, ) in thermal transport. This
implies that the k along both a- and b-axes are identical to «,,,:

Kq = Kp = Kgp, (19)
KqL = KpL. = Kap,L, (20)
Kam = Kpm = Kapm- (21)

Furthermore, due to its unique spin-plane structure, the maximum capacity of La2CuOa4 for
magnon-based thermal transport can only be realized in the ab-plane. This implies:

Krin = Kab,m- (22)

Therefore k2°? can be expressed as:

(PO — yepoly _ POy _ (katrptice)  (KaLtkprtikel) _ Qraptie)  (2KapLticL)
m. L= 3 3 - 3 3



— (Zxab,L"'ZKab,m"'Kc) _ (Zkab,L"'Kc,L) — 2Kgbm __ 2K£n (23)

3 3 3 3

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, k2°” can also be expressed as:

POV — yepoly _ POy _ (2k1p+kop) _ (2kLip+eL,op) _ (2Km,1p+Km,0P) (24)
m L 3 3 3 ’

where k;p and kgp represent the thermal conductivities measured from the in-plane and out-
of-plane directions of the sample, respectively, while k;;p and kop are the lattice thermal
conductivities of the in-plane and out-of-plane directions, separately.

In summary:

Kpoly = boly _ Kpoly — (2Km,1p+¥m,0p) _ 2Kapm _ %
m L 3 3 3

i 3 3 3 (2K +K
l 3 poly EOlY . poly 2( m.IP3 m.OP) 16



Note S$13: Magnon thermal conductivity calculation
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Figure S10. Magnon thermal conductivity calculation. (a) Calculated magnon thermal
conductivity of La,Cu0, with various grain sizes using equations 7 and 8 in the main text. Black
open squares represent the magnon thermal conductivity of the La,Cu0, single crystal (xtl)
data along the ab-plane reported by Hess et al. 7 (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 La,CuO, single-crystal (xtl) data
along the ab-plane reported by Sun et al.?®

In order to explore the correlation between magnon thermal conductivity (k) and grain size,
K, was calculated over the temperature range 50 to 350 K for various grain sizes. The
calculations incorporated the magnon-boundary scattering MFP (l,) 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 k, for a sample with a value of [, of
10 ym does not show a significant variation compared to a single crystal. Suppression of [, to
100 nm can reduce k,, 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 I3 = c4k® for 2D magnon
transport in spin-plane compounds, where ¢4 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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