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1. XRD analysis of nano-leaves before and after calcination
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Figure S1: (4) XRD pattern of the product after hydrothermal treatment. PDF#76-0571 is the standard pattern for
Ca(OH);. PDF#80-0076 is the standard pattern for CuO. (B) XRD patterns of the product calcined for 1 hour and

2 hours. PDF#85-2491 is the standard pattern for Ca;CuQOs. PDF#78-0649 is the standard pattern for CaO.

Figure S1A demonstrates that, after the hydrothermal treatment, the product consists of Ca(OH),
and CuO. Figure S1B shows that, after 2 hours of calcination at 900°C, a pure Ca,CuO; phase is
formed. When the calcination time is halved to 1 hour, impurities such as CaO and CuO appear. The
chemical reactions that take place during the hydrothermal process are therefore:

Cu(NO3), + NaOH — Cu(OH), + NaNOg, (1)

Cu(OH), - CuO + H,0, (2)

Ca(NO3), + NaOH - Ca(OH), + NaNOs;. (3)

The chemical reactions that take place during the calcination process are:
Ca(OH), — Ca0 + H,0, (4)

Ca0 + CuO - Ca,CuO0s;. (5)
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XRD analysis of sample prepared by cold pressing
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Figure S2: XRD patterns of sample prepared by cold pressing. PDF#85-2491 is the standard pattern for Ca;CuOs.

Figure S2 shows XRD patterns recorded from the sample prepared by cold pressing (CP), recorded

for in-plane (IP) and out-of-plane (OP) directions. The peak intensities of both patterns closely

resemble the standard pattern for Ca;CuOs without texture, indicating no significant preferential

grain orientation in the CP sample.



3. Analysis of specific heat data
The specific heat (Cp) of electrically insulating CaCuO3; comprises contributions from lattice

vibrations (C;) and spin excitations (Cy) at low temperatures (T), which is described as:!’

lszAﬂ4kB
5

T 2yN k3 T
G’ + = (). (6)

C,(T)=C+Cs =
where 6, represents the Debye temperature, kg is the Boltzmann constant, N, is the Avogadro

constant, J/kp is the exchange interaction, and x and y denote the number of atoms and the

Cp(T)
T

as the vertical axis

number of magnetic atoms per formula unit, respectively. In order to set

and T? as the horizontal axis, we perform a linear fit from 5 to 15 K. 8, and J/kg can be

obtained as follows:

Cp(T) _ 12xNamkp p , 2YNak _ , oo
= e T? + 5 =A-T*+B,(7)
4
o = (e “2)'/s, (8)

J kg = 22222 (9)

where A is the slope of the fitting curve and B is the intercept with the vertical axis. The obtained
value of 6y is513+3K,and J/kg is 2068 £27 K, as shown in the inset to Figure 3A in the main

text.



4. Seebeck coefficient measurements
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Figure S3: Seebeck coefficients for the SCCP and CP samples obtained for the IP and OP directions.

In order to investigate the adverse effects of hole doping, which can attenuate spinon thermal
transport by disrupting antiferromagnetic order in cuprates,'?! the Seebeck coefficient (S) was
measured. Based on the Pisarenko relation, S correlates inversely with hole concentration.’) As
shown in Figure S3, all of the samples exhibit positive S values of comparable magnitude,
implying that their hole concentrations are consistent, and that the effects of hole doping are

equivalent across the samples.



5. Thermal conductivity measurement and uncertainty analysis

The samples were cut to standard dimensions of 1 x 1 x 5 mm?® for measuring their thermal
conductivity (k) using a Quantum Design Physical Property Measurement System (PPMS) between
3 and 350 K. Continuous data recording was performed at a slow rate of T increase of 0.3 K per
minute. The software autonomously modified various measurement settings, such as heating power
and period. A square wave thermal pulse was applied, and the resulting temperature difference
(AT) between the hot and cold probes was measured over time. The steady-state temperature

difference (AT,,) was established by fitting the data using the formula

Tlxexp(—%)—rz xexp(—é)

1~ T2

AT = AT, x (1 — ), (10)
where 7, and T, represent time constants. After AT, has been determined, the thermal
conductance (K) can be derived using the following equations:
K = P/AT,, (11)
P =1%?R — Py, (12)
Praa = op X (S/2) X & X (Tyor — Teora)> (13)
where P is the heat flowing through the sample, [ is the current flowing into the sample, and R
is the resistance of the heater. The Stefan-Boltzmann constant, o = 5.67 x 108 Wm?2K™, S is the
sample's surface area, and ¢ is its emissivity. Tp,; and T,,;q correspond to the temperatures of
the hot and cold probes, respectively. Based on these definitions, the value of x can be derived
using the formulae
K = Ksampie X I/ (W X t), (14)
Ksample = K — Kspoe, (15)
Ksnoe = aT + bT? + ¢T3, (16)
where Kggmpie 1s the thermal conductance of the sample, and Kgp,, is the thermal conductance
of the shoe assembly. a, b, and c are constants, while [, w, and t are the distance between the
hot and cold probes, the width, and the thickness of the sample, respectively. The accuracy of
measurement can be affected by various sources of error, such as inaccuracies in the fitting of AT,
uncertainties in heating power measurement, and errors in calculating radiation losses due to
inaccurate estimates of the sample's surface area and emissivity. The surface radiation heat loss for

the CayCuO; samples has been determined to be below 0.5% of the total heat conduction for



CayCuO:s. It is essential to consider potential errors in K., and in the measurements of the

sample's dimensions, as well as in [. The total error can be expressed as follows:

R IROI 2XPpg AXToo XK shoe Al A A
o(k) =k X \/(ﬁ)Z + (2 T)z + (0 ZX: d)z + (0 1XT, P><K h )2 + (T)Z + (VW)Z + (Tt)z’ (17)

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



6. Simulation of thermal management using spin chain polycrystals in

microelectronic devices
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Figure S4: Simulations of T profile for a highly textured Ca;CuQs polycrystal with a heater on the top surface.

In order to demonstrate the application of the textured sample for thermal management, the
COMSOL Multiphysics heat transfer in solids model was used for finite element analysis (FEA)
simulations. Values for the Ca;CuOs cylinder radius of 2.5 mm, height of 2.5 mm, and heat capacity
and anisotropic thermal conductivity values were obtained from our measurements. The heat source
was set to 340 K and placed on the top surface, and the environment T was set to 293.15 K. A
thermal insulation boundary condition was applied to the surfaces of the cylinder. Figure S4 shows
that vertical heat transfer is significantly slower than lateral heat transfer due to the large anisotropic

thermal conductivity, which is beneficial for directional thermal dissipation in electronic devices.



7. Correction for porosity effect
Based on the Maxwell-Eucken relation, which serves as an effective theoretical framework for
calculating k in two-phase mixtures, especially in porous media,’ the formula used to eliminate

the effect of porosity on k can be expressed as:!®!

Kp+2’€solid+2¢(’cp —Ksolid)

Kp+2’€solid_¢‘(’€p —Ksolid) ’

(18)

K = Ksolid

where K is the detected thermal conductivity, k, is the thermal conductivity attributable to the
pores, @ denotes the porosity, and kgqiq is the value of thermal conductivity when the porosity
is 0. Since our experiments are conducted under ultra-high vacuum conditions, thereby eliminating
external factors such as air and moisture, the contribution of porous thermal conduction is removed.

Therefore, k, is set to 0, and the simplified Equation. 18 can be written:

p

2+
Ksolid = K5— . (19)

Furthermore, the Maxwell-Eucken relation, as confirmed by Smith et al., aligns well with
experimental data for various oxides when @ is less than 0.65. It has been applied extensively
across numerous material systems with similar porosity levels to our study.”"'?! Since the porosities
of samples prepared using the solvent-casting cold pressing (SCCP) and CP methods are 21% and
22%, respectively, i.e., significantly below 65%, the Maxwell-Eucken relation can provide an

appropriate correction for the porosity effect in our samples.



8. [Extraction process for spinon thermal conductivity of the SCCP sample
(Equation. 5 in the main text)
Based on the XRD results from the SCCP sample, the grains are mainly aligned with the b-axis
along the IP direction. As the spin chains of Ca,CuOs are aligned along the b-axis and spinon
thermal transport occurs exclusively along the 1D spin-chain,!'¥! the spinon contribution in the OP
direction (k$€CP~OP) is negligible:
KSCCP-0P — 9 (20)
Since Ca>CuOs is an insulator,!'*) heat can only be carried by lattice vibrations and spin excitations.
Consequently, the thermal conductivity measured in the IP (k5¢CP~1P) and OP (xS¢P~OP) directions

can be expressed as:

K SCCP=IP —  SCCP-IP 4 4 SCCP-IP (1)
) SCCP=OP — ; SCCP-OP ()
where kPCCPIP and kSCCPOP are the lattice thermal conductivities in the IP and OP directions,
respectively, and xk$¢CP~'P is the spinon thermal conductivity in the IP direction.
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Figure S5: T-dependence of k for the SCCP and CP samples measured in the IP and OP directions below 20 K.
SCCP-IP-1 and SCCP-IP-2 are oriented perpendicular to each other in the plane orthogonal to the pressing

direction.

SCCP-IP SCCP-OP

At low T, as shown in Figure S5, k and exhibit highly consistent T -

dependence and values. In this T range, since the spinons are not fully excited, the spinon
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contribution to k is negligible.'* ') Therefore, xS¢CP~'P is considered to be dominated by

kP CCPIP Moreover, at low T, the crucial factor that restricts phonon thermal transport is phonon-

SCCP-IP SCCP-OP

boundary scattering. The consistency between k and K indicates that, although

the SCCP method leads to different morphologies in the IP and OP directions, its impact on phonon

thermal transport remains consistent and does not induce strong anisotropic behavior. The lattice

contribution is relatively isotropic along the three crystallographic axes in Ca;CuQ;:!!"!

Kt =k = kf, (23)

where kf, kP and k{ are the lattice thermal conductivities of the a-, b-and c-axes, respectively.

SCCP-IP

Therefore, the relationship between k; pecp-op

and K can be described as:

KCCP=IP — 4 SCCP-OP (o)
In summary, kSCP~1P can be determined using the following formula:

K?CCP—IP — KSCCP—IP _ KZSCCP_IP — KSCCP—IP _ K'ZSCCP_OP — KSCCP—IP _ K.SCCP—OP' (25)

11



9. Extraction process for spinon thermal conductivity of the CP sample

Based on the XRD results from the CP sample, the grains show a random distribution in both the IP
and the OP directions. Consequently, spinons are capable of transport in both directions. The thermal
conductivity measured from the IP (kP ~P) and OP (kP ~OP) directions can be expressed as follows:

KCP—IP — KZCP_IP + K'EP_IP, (26)

KCP—OP — K.lCP—OP + KEP_OP. (27)

According to Equation. 23, kPP and xfP~°P have the same values. Since the SCCP and CP
samples are prepared from Ca,CuO3; nano-leaves that have the same crystal quality, and are

synthesized using identical raw materials and annealing conditions, their phonon heat transport

CP-IP CP-OP

properties should be similar. This is confirmed in Figure S5, which shows that & and

SCCP-IP SCCP-OP

almost coincide with k and at low T. Combined with the previous discussion

on the extraction process of the SCCP sample, kPP and xfP~OF can be described as follows:

KZCP—IP — KZCP_OP — KSCCP—OP. (28)

Therefore, kSP~'F and k$P~OF can be extracted using the relations:

KgP—lP — KCP—IP _ KlCP—IP — KCP—[P _ KSCCP—OP’ (29)

K'EP_OP — KCP—OP _ K'ICP_OP — KCP—OP _ K.SCCP—OP' (30)

1 8 T T T T T
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Figure S6: T-dependence of kg for the CP sample for the IP and OP directions.

Figure S6 illustrates the T-dependence of kg for the CP sample in the IP and OP directions, as

derived from Equations. 29 and 30. At both high and low T, kg in the OP direction is slightly

12



inferior to that in the IP direction because, although the texture effect of the CP sample is very weak,
F(h0l) inthe OP directionand F(020) in the IP direction are both greater than 0, confirming that
the contribution of the b-axis in the IP direction is stronger than in the OP direction. Thus, spinon

thermal transport in the IP direction is slightly larger, leading to the small deviation in Figure S5.

13



10. Equations for intrinsic spinon thermal conductivity (Equation. 6 in the main
text)

In untextured polycrystals, the orientation of each grain is random. As a result, the polycrystalline

thermal conductivity (kP°%) can be treated as the average value of the thermal conductivity along

the a-, b-, and c-axes, in the form:

ol ol K+ KD+
kPO = PO 4 B0V =— (1

a b c
poly __ Kjt+K[+K|
ko = S (32

where k%, kP, and k€ are the thermal conductivities along the a-, b-, and c-axes, respectively,

poly

°Y and K are the lattice and spinon thermal conductivities of polycrystals, separately.
s P polycry Yy

and K

Furthermore, the spin chains of Ca;CuOs are aligned along the b-axis, and spinon thermal transport

occurs exclusively along the 1D spin-chain:!*!

a

K = ki’ (33)

c

K Kf, (34)
kP = kP +«b, (35)

where k2 is the spinon thermal conductivity along the b-axis. Due to its 1D spin-chain structure,

the maximum capacity of Ca,CuOj; for spinon-based thermal transport can only be realized along
the b-axis. This relationship implies that the intrinsic spinon thermal conductivity (k) can be
described as:

Kkl =xkP.(36)
Therefore, kP°" can be defined as:

Kpoly _ Kpoly _ Kpoly _ Ka+Kb+KC _ K?’+K§7+KIC Kb K_é
s - l -

— S —

3 3 3 3"

(37

In this study, both the SCCP and the CP method can induce anisotropy between the IP and OP
directions. In order to mitigate the inaccuracies caused by this anisotropy, it is necessary to measure
K in three mutually perpendicular directions: one in the OP direction and two in IP directions.

Averaging values obtained in these directions provides a more accurate representation of kP°Y.

10.1 For the SCCP sample:

1 SCCP-IP-1 4, .SCCP-IP-2 4 ,.SCCP-OP

! !
kPO = Y 4+ kDY = , (38)

3
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SCCP-IP-1

where K and kSCCP~IP=2 are the thermal conductivity of the SCCP sample measured in

the plane orthogonal to the pressing pressure from two mutually perpendicular directions. Based on

the previous discussion on the extraction process of the SCCP sample:

SCCP-IP-1 SCCP-IP-2

K = K| = KSCCP-0P (39)

ol .
Thus, k¥’ can be derived as:

SsCCP-1P-1_ ,.SCCP-IP-2_ ,.SCCP—OP SCCP-OP
ol ol K +K +K 3k
K? y _ Kpoly Klp Yy — - -

K SCCP—IP-1 ,.SCCP-IP-2_5.,.SCCP-OP

= - . (40)

In summary, for the SCCP sample, k: can be obtained using the formula
SCCP-IP—1 4, SCCP-IP-2 _ 5 . ;.SCCP-OP
3

SCCP—IP—1 4 4 SCCP=IP=2 _ 5.} SCCP-OP (41)

K

; !
ki=3-k°Y =3

=K

10.2 For the CP sample:
Because the conventional CP process does not introduce anisotropy in the IP direction, x remains

uniform in two perpendicular directions in the plane orthogonal to the pressing pressure:

.} CP—=IP 4, .CP-OP

ol ol 2
kPO = PO 4 (P07 = - . (42)

Based on the previous discussion of the extraction process of the CP sample:

K.CP—IP — K'ICP_IP + K'EP_IP — KSCCP—OP + KEP_IP, (43)

K.CP—OP — KlCP_OP + K'EP_OP — KSCCP—OP + K.gP—OP' (44)

ol .
Thus, k¥’ can be derived as:

ol ol Z,KCP—IP+KCP—OP 3,KSCCP—0P 2,KCP—IP+KCP—OP_3_K5CCP—OP
kPO = gPoly — 70V = — = . (45)

3 3 3

In summary, for the CP sample, k! can be obtained using the formula

2.5 CP=IP } ;.CP=OP _3,,.SCCP-OP

K,'é =3- Kf‘)ly =3 =2- KCP—IP + K.CP—OP -3 K.SCCP—OP' (46)

3
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11. Analysis of defect concentration and energy level splitting using high-field
specific heat measurements
To fit the energy level splitting at 5 T (Ags1) and 9 T (Agq97), as well as calculate the defect
concentration (n4), we used only the specific heat values obtained at 5 T (C, 5 1) and 9 T (G, 97,
following Equations 12 and 13 in the main text. The difference in specific heat (AC,,) can be
expressed as:[1%
ACp = Cp,S T Cp,9T = CSch,S T CSch,9T

_l("—d)-R.(Ag.sT)Z.e<A“”T5T> l(vz_d)_R.(AglgT)z'iAg,TgT)]

- , (47)

where R is the ideal gas constant. Thus, the estimation of A; and ng, is based on the difference
observed between high fields (5 T and 9 T) rather than on data below 5 T. The difference between
the 5 T and 9 T data is much larger than the measurement uncertainty. The derived values are

ng =0.0057 + 0.00005 per Cu, A;g=1.1+0.02K at5T, and A;=24.6+04Kat9T.

16



12. Calculation of spinon mean free path and spinon thermal conductivity

1500 ; ; : : 120 : ; , ,
\ —0A"T  ——1.25x10%A" sccp
1200 A% 2x10°% A" 2.5x104 A" — without I
&y 5x10° A 5x10% A" 90 | ——with | ]
3 1x10% A" 1x10 At _
-~ X
< E
o S
>
0 1 1 1 1 0 1 1 1 1
100 150 200 250 300 350 100 150 200 250 300 350
T (K) T(K)

Figure S7: (4) Calculated T-dependence of the spinon MFP (ly) under different defect concentrations (ng). The
solid lines represent cases that include the effects of spinon-defect scattering and coupling with low- and high-
frequency phonons, while the dashed lines represent cases without coupling to high-frequency phonons. (B)

Calculated T -dependence of kg with and without considering spinon-defect scattering (l;). The simulation

parameters used are gsp_1 =0.24, go,_5 =0.16, and ng =0.00148 Al
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13. SEM images of the textured La;CuQ4

Figure 88: (4) and (B) SEM images of the textured La;CuQy recorded from a plane oriented along the IP

direction. The scale bar in (A) is 10 um. The scale bar in (B) is 20 um.

18



14. Crystal structure of La;CuQy

Figure S9: Crystal structure of La;CuOq.
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15. Debye-Callaway model fit for lattice thermal conductivity in textured
La;CuO4
Hess et al."® found that below 50 K, the impact of magnons on k is negligible, with phonon
transport taking over as the primary contributor. Consequently, the lower T k data was fitted using
the Debye-Callaway model for 3D phonon transport.'”) The lattice thermal conductivity (x;) at
higher T was then obtained through extrapolating the fitting results:
= 2:;3175 (kBTT)g

where vy is the sound velocity, h represents the reduced Planck constant, 7, denotes the phonon

[T X4y (48)

0 75 (e¥—1)2

. . hw . . .
relaxation time, and x = pap Notably, various scattering processes, such as defect scattering,
B

Umklapp scattering, and boundary scattering, can influence 7,. Matthiessen’s rule allows 7, to be

expressed as a combination of different scattering contributions:

ol =1t + gt + 1t = Aw* + Be P/ TT30w? + %, (49)
where A is the fitting parameter for defect scattering, B and b represent fitting parameters for

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

20



16. Analysis of magnon thermal transport in 2D spin-plane La;CuOy

Equation 19 was applied to account for the porosity effect, with @gccp =14% for the textured
LayCuOy4 prepared via the SCCP method. Due to the 2D magnetic structure and high spin-plane
symmetry (ab-plane) of La,CuOs, K along the c-axis (k) is governed solely by phonons, while
k within the ab-plane (k) remains isotropic.!?*! The intrinsic magnon thermal conductivity («’,)

can be defined as:['%2?]

(2 SCCP- IP+K

SCCP— OP) (50)

i 3 1 3 1 3
| A— pol 170 y PO y _
Ky = E (K Y — ) Km = E

3

poly SCCP-IP SCCP-OP

where K, - are the magnon thermal conductivity of polycrystals, and ;;; and K;;
represent the magnon thermal conductivity along the IP and OP directions of the SCCP sample,
respectively.

Based on a kinetic model for 2D magnon transport, the relationship between the average magnon

MFP (I,,) and ki, is given by:'¢1823]

i k3T21,
K = oo f x2\/x —xo(x 1)2dx (51)

voC

where ¢ =13.2 A represents the lattice constant of La,CuQO4 perpendicular to the spin planes, v,

b, 241

denotes the spin wave velocity (1.287 x 10° ms™),** & is the reduced Planck constant, and A is

. h A . .
the spin gap of the magnon branch. Here, x = ﬁ and x, = Pt Inelastic neutron scattering study
B B

identified two magnon branches with A, /kg =26 K and A,/kg =58 K.[*! To ensure complete
magnon excitation, A, was used in calculations.
To quantify the impact of defect scattering (l;) on magnon thermal transport, l, can be
calculated as:[*2%
=04+ 5+ 138 (52)
where 1, is the magnon MFP of the single crystal, [, denotes the average grain size, and l; is

[27-30]

a frequency-dependent term, expressed as I3' = c4k3 = ( )3 T3.221 Here, k is wave

vector, and ¢4 is a constant. Based on the single-crystal data reported by Hess et al.,l'®! the T-
dependent [,,, was calculated for various defect concentrations using Equation 52, assuming an
infinite grain size (Figure S10A). In addition, [,, for the SCCP sample was fitted, obtaining values
of I, =45+ 3 x 10° A and ¢, =24 + 2 A2 These results were subsequently used to calculate the

T-dependent x,, with and without accounting for magnon-defect scattering, applying Equations

21



51 and 52 (Figure S10B).
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Figure S10: (4) Calculated T-dependence of the magnon mean firee path (1,,) under different defect concentrations

(cq). (B) Calculated T-dependence of k,, with and without considering magnon-defect scattering (lg).
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