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Abstract 

The spin ladder compounds (Sr,Ca,La,Y)14Cu24O41, known for their large magnon thermal conductivity, 

show great promise for thermal management and spin caloritronic applications. However, these materials 

are unstable in humid air and can decompose when exposed to moisture. The effect of decomposition on 

magnon thermal transport in these materials remains unreported. Understanding this effect is crucial for 

developing spin ladder compounds for practical applications. This study highlights the distinct impact of 

water treatment on the microstructure and thermal transport properties in single crystals and polycrystals 

of the spin ladder compound Sr12Y2Cu24O41. Our findings indicate that water treatment substantially 

decreases the magnon thermal conductivity of polycrystals, while the magnon thermal conductivity of 

single crystals remains largely unaffected. This significant difference can be attributed to the presence of 

grain boundaries in polycrystals, which allow water to penetrate the bulk of the polycrystalline samples. 

The reaction with water results in the formation of CuO and SrCO3 nanostructures, which scatter both 

phonons and magnons, thereby reducing both lattice and magnon thermal conductivity. To mitigate the 

adverse effects of water interaction, we developed a simple sputter coating method for spin ladder samples. 

Notably, the metal-coated samples demonstrated sustained high thermal conductivity, even after extended 

exposure to water treatment. Our study provides useful insights into the practical applications of the 

cuprate-based quantum magnets in thermal management and energy conversion. 

Introduction 

The search for thermally conductive materials is a critical area of research in thermal management of 

microelectronic devices.1–5 As electronic components become smaller and more powerful, managing heat 

dissipation is essential to maintain performance and prevent overheating, which can lead to device failure. 

Numerous materials have been identified as promising candidates for thermal management, primarily 

utilizing conventional mechanisms of thermal transport mediated by phonons (lattice vibrations) or 

electrons.6–10 These materials rely on the established understanding that phonons and electrons are the 

primary heat carriers in most solids, contributing significantly to their thermal properties. Besides these 

conventional heat carriers, magnons, as the quasiparticles of spin waves, can carry a large amount of heat 

due to their substantial group velocity.11,12 Significant magnetic thermal transport has been discovered in 

various quantum magnets with strong magnetic couplings.13–17 Furthermore, as magnons can be 

manipulated by external magnetic or electric field, the magnon thermal transport is more sensitive to the 

external fields, compared to the phonon-mediated thermal transport.18–20 This behavior enables an active 

control on the thermal conductivity (κ) in magnetic materials, functioning as a thermal switch.21,22 

Furthermore, magnons have been extensively studied in relation to the spin Seebeck effect23–25 and magnon-
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drag-enhanced Seebeck effect,26–28 showing promising potential for thermoelectric energy conversion 

applications. However, the study of magnon thermal transport remains relatively unexplored compared to 

the conventional heat carriers such as phonons and electrons, making it an important avenue for further 

research. Among the current studies on quantum magnets, the spin ladder compounds 

(Sr,Ca,La,Y)14Cu24O41 have demonstrated the largest magnon thermal conductivity (κM) around room 

temperature.13,29–31 This finding makes them an excellent platform for exploring practical thermal 

management applications in microelectronic devices. Furthermore, the manipulation of magnon thermal 

transport in spin ladder compounds has already been demonstrated for developing thermal switches,22 which 

are highly relevant for advanced thermal management technologies. 

The large magnon thermal conductivity in the spin ladder compounds can be attributed to their strong 

antiferromagnetic couplings of around 170 meV.11 A peak magnon thermal conductivity of around 70 W m-

1 K-1 at 150 K has been observed in the undoped spin ladder Sr14Cu24O41.
29,31 Compared with the gapless 

magnon dispersion in the ferromagnetic crystal,32 previous neutron scattering studies on spin ladder 

compounds have revealed a large energy gap of around 32.5 meV in the magnon dispersion.11,33 This large 

energy gap thermally freezes magnons at low temperatures, leading to negligible magnon contributions to 

thermal transport below 50 K. This behavior is also observed in other cuprate compounds,34–36 making them 

ideal platforms for studying magnon thermal transport as magnon and phonon contributions can be easily 

distinguished.  It has been reported that chemical doping can modify the magnon thermal transport in spin 

ladder compounds.13,37,38 As an intrinsically hole-doped compound, the magnon thermal transport in 

Sr14Cu24O41 is affected by magnon-hole scattering. Substituting Sr ions with La or Y ions, which have a 

higher valence state than Sr ions, can effectively reduce hole concentration, suppress magnon-hole 

scattering, and enhance magnon thermal conductivity.13,31,38 For example, the room-temperature magnon 

thermal conductivity of single crystals increases from 7 W m-1 K-1 for Sr14Cu24O41 to 19 W m-1 K-1  for 

Sr12Y2Cu24O41.
38 On the other hand, Ca doping can increase the hole concentration in the ladder layers by 

transferring holes from the chain layers.13,31 Thereby, it enhances magnon-hole scattering and suppresses 

magnon thermal transport.39 Furthermore, the effect of nanostructuring on magnon thermal transport has 

been studied on spin ladder polycrystals and microrods.40–43 The increased grain boundaries and defects 

cause a strong scattering on transport of magnons and other particles (or quasiparticles),44 leading to a 

suppression of magnon thermal conductivity. 

While magnon thermal transport has been reported for about two decades in the cuprate-based spin ladder 

compounds,15,16,29,34,39,45 the real-world application of these magnetic insulators still faces a challenge. The 

spin ladder compounds decompose under a humid environment,46 which may increase magnon scattering 

and potentially reduce magnon thermal conductivity.33 However, the actual effects of the decomposition on 

the magnon thermal transport in the spin ladder compounds have not yet been thoroughly investigated. 

Therefore, understanding the environmental stability of these materials is crucial for their practical 

application. Humidity and exposure to water are often unavoidable in real-world conditions, making it 

crucial to investigate the effects of water treatment on magnon thermal transport. Additionally, there is a 

pressing need to develop effective strategies to prevent water-induced degradation, thereby enabling 

broader applications of spin ladder compounds. 

In this work, we investigate the detrimental effects of water exposure on the microstructure and thermal 

conductivity of both polycrystalline and single crystal spin ladder compound Sr12Y2Cu24O41. The reaction 

of spin ladder compound with water causes two different particle morphologies in the polycrystal. Near the 
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surface, the decomposition process induces the formation of SrCO3 nanorods, while the nanoparticles of 

CuO and SrCO3 are generated in the center of the sample. As the water treatment duration increases, the 

increased concentration of nanostructures causes a stronger scattering on magnons and suppresses the 

magnon thermal conductivity by approximately 50% at 300 K in the sample with 4 h of water treatment. 

On the other hand, the single crystal Sr12Y2Cu24O41 exhibits minimal changes in thermal conductivity after 

water treatment, due to its limited reaction with water at the sample's core. This behavior can be attributed 

to the absence of grain boundaries in the single crystal. Furthermore, we developed a simple and effective 

metal-coating method using elemental gold to prevent water-induced degradation of polycrystalline 

samples. With the protection of sputtered gold layer, negligible changes in thermal conductivity can be 

observed with water treatment up to 50 h. This method not only ensures the stability of the material but also 

addresses a critical barrier to the practical implementation of spin-ladder compounds in thermal 

management systems. Our study provides useful insights into both the fundamental understanding of 

magnon thermal transport and the practical considerations necessary for deploying these materials in 

thermal management and energy conversion applications.   

Experimental Methods 

Synthesis of Materials 

The powders of the spin ladder compound Sr12Y2Cu24O41 were synthesized by the solid-state reaction (SSR) 

with the starting materials of SrCO3 (purity: 99.9%, Sigma-Aldrich), Y2O3 (purity: 99.99%, Thermo 

Scientific), and CuO (purity: 99.7%, Thermo Scientific). These starting materials were mixed with the 

atomic ratio as Sr: Y: Cu = 12:2:24 and sintered at 940 °C for 24 h. The pellets of polycrystalline samples 

were prepared by consolidating the powders with cold pressing under a pressure of 330 MPa and followed 

by annealing at 940 °C for 12 h. The pellets were cut into bar-shaped samples of approximately 1×1×6 mm3 

in size, oriented perpendicular to the pressing direction, for the thermal measurements. To prevent the 

reaction of water, a gold coating was applied on one polycrystalline sample with a Cressington 108 manual 

sputter coater.  

The single crystalline sample was grown by the traveling solvent floating zone (TSFZ) method using a 

Quantum Design’s 2-mirror IR image furnace (model: IRF01-001-05), as described in a previous report.47 

The feed and seed rods were made with the same powders as the polycrystalline samples. The solvent pellets 

were made with the same starting materials as polycrystalline samples with the atomic ratio of Cu: (Sr,Y) 

= 85: 15, where Sr: Y matched that of the feed rod. The TSFZ growth was carried out under an oxygen 

pressure of 1 bar, with a growth rate of 0.8 mm per hour, and a rotation speed of 30 rpm for feed and seed 

rods in opposite directions.  

The water treatment was applied on the samples by submerging the samples in deionized water. After the 

treatment, the samples were dried at 100 °C for 4 h in air. The density of samples was measured by the 

Archimedes method.41 The untreated polycrystalline sample shows a density of 4.7 g cm-3. The density 

increases to 5.2 and 5.3 g cm-3 after 4 and 10 h of water treatment. This increase in density can be attributed 

to the formation of CuO, which has a larger density of 6.3 g cm-3.  

Characterization of Phase and Microstructure 

The phase purity and crystal structure of the samples were characterized using a PANalytical Empyrean 

Series 2 X-ray diffraction (XRD) machine with Cu Kα (λ = 1.54 Å) radiation. The microstructure and 
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composition of polycrystalline samples were studied by a TESCAN Vega3 SBH scanning electron 

microscopy (SEM) with energy dispersive X-ray spectrometry (EDS). The orientation of the single crystal 

sample was characterized by single-crystal XRD with a Bruker D8 Venture equipped with a PhotonIII 

detector using Mo Κα (λ = 0.71073 Å) IµS micro-source for face indexing, as reported in a previous study.38  

Thermal and Electrical Property Measurements 

The thermal conductivity and Seebeck coefficient (S) of the spin ladder samples were measured by 

Quantum Design’s physical property measurement system (PPMS) with the continuous mode under a 

continuous heating rate of 0.3 K min-1 in the temperature range of 5-300 K. The measurements were 

performed on the bar-shaped samples for both polycrystals and single crystals. The thermal conductivity of 

single crystals was measured along the spin ladder direction.48 The details for the uncertainty analysis of 

thermal conductivity can be found in a previous study.48 

Results and discussion 

Effect of water treatment on phase and microstructure of uncoated Sr12Y2Cu24O41 

The spin ladder compound Sr12Y2Cu24O41 has a layered structure within an orthorhombic unit cell and 

belongs to the space group Fmmm,49 as shown in Fig. 1a. It is composed of CuO2 spin chain and Cu2O3 spin 

ladder layers, with the chains of Sr and Y ions inserted between these layers. While the spin chain and spin 

ladder layers are stacked alternatively along b-axis, within the Cu2O3 spin ladder layer, the 180° Cu-O-Cu 

couplings lead to strong antiferromagnetic interactions along a- and c-axis. As a quasi-one-dimensional 

structure, magnon transport appears only along c-axis. The composition of Sr12Y2Cu24O41 was chosen 

because Y doping can lead to an enhanced magnon thermal conductivity due to reduced magnon-hole 

scattering as reported in our previous study.38  

The powder XRD patterns of the spin ladder compound before and after 1, 4, and 10 h of water treatment 

are illustrated in Fig. 1b. In the pristine sample, the major peaks are consistent with calculated peaks for 

Sr14Cu24O41 (PDF#48-1496). Compared with the pristine sample, several additional peaks can be observed 

in the water-treated samples, which can be identified as SrCO3 and CuO. In the 1 h sample, CuO is observed 

as the major impurity. With the increase of treating time, the intensity of CuO peaks gradually increases. 

Furthermore, the peaks of SrCO3 can be observed in both 4 and 10 h samples. It is noted that the peak 

intensity of SrCO3 is much stronger in the 10 h sample. The formation of these impurities, CuO and SrCO3, 

are due to the decomposition of the spin ladder compound in water. While the direct products of the 

decomposition are Sr(OH)2, Cu(OH)2, and Y(OH)3,
46 these compounds continue to react with CO2 during 

the drying process, forming SrCO3, CuO, and Y2(CO3)3·3 H2O, respectively. The chemical equations of 

these reactions can be written as:46 

Sr12 Y2Cu24O41 + 39 H2O = 12 Sr(OH)2 + 2 Y(OH)3 + 24 Cu(OH)2 +  O2 (1) 

Sr(OH)2 + CO2 = SrCO3 + H2O (2) 

Cu(OH)2 = CuO + H2O (3) 

2 Y(OH)3 + 3 CO2 = Y2(CO3)3 ∙ 3 H2O (4) 
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The XRD signals of Y-related compounds are lacking in the XRD pattern, probably due to the low Y doping 

level in our spin ladder compound. Additionally, the observed impurities show broad XRD peaks, indicating 

their small grain sizes according to the Scherrer equation.50,51  
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Fig. 1 (a) Crystal structure of Sr12Y2Cu24O41. (b) Powder XRD patterns of Sr12Y2Cu24O41 polycrystal samples before and 

after water treatment. 
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To investigate the impact of water treatment on the microstructures of the spin ladder compound, SEM 

images were taken at the center of the sample’s cross section before and after treatment, as shown in Fig. 2. 

A notable transformation in particle morphology is observed after the treatment. Before the water treatment, 

most grains exhibit smooth surfaces with an average grain size of about 3 m (Fig. 2a), which is consistent 

with a previous study of spin ladder compounds prepared with SSR process.38 The well-defined grain 

boundaries are distinctly visible between individual grains. In contrast, after water treatment, the grain 

surfaces become significantly rougher, rendering the grain boundaries indistinct (Fig. 2b). Additionally, a 

substantial number of tiny particles, approximately 200 nm in size, are observed on the surface of grains. 

These small particles can be attributed to impurities such as SrCO3 and CuO, which are identified in the 

XRD pattern.  

 

Fig. 2 SEM images at the center of cross section of the polycrystal Sr12Y2Cu24O41 (a) before and (b) after 10 h water 

treatment. 

 

To further explore the mechanism of water treatment in the polycrystalline Sr12Y2Cu24O41, additional SEM 

images were obtained from the surface and the edge of the sample after 10 h water treatment (Fig. 3a). As 

displayed in Fig. 3b, the surface of the sample exhibits a severe reaction with water, as evidenced by the 

complete coverage of tiny particles, in contrast to the less affected central region. Fig. 3c highlights the 

presence of two distinct regions, each exhibiting different degrees of reaction with water. Within 

approximately 20 µm from the surface, numerous rod-like grains are observed. In contrast, the inner region 

resembles a rough grain morphology, similar to that observed in the central part of the sample. This 

observation of different particle morphographies suggests that water predominantly reacts with grains near 

the surface, while only a small fraction penetrates deeper through intergranular gaps. The EDS analysis 

shows an enrichment of Sr element near the surface, accompanied by a large reduction of Cu content. This 

suggests that the rod-like grains near the surface are most likely SrCO3. In a previous study,52 the formation 

of rod-like SrCO3 due to the reaction between CO2 and Sr(OH)2 solution was reported. The reaction kinetics 

under low CO2 and high H2O partial pressures lead to an anisotropic growth of SrCO3 along c-axis, which 

is consistent with the rod-like particles observed in our water-treated samples. 
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Fig. 3 (a) A photo of the polycrystalline Sr12Y2Cu24O41 pellet prepared by cold pressing. (b) SEM image taken on the 

surface of Sr12Y2Cu24O41 after 10 h water treatment. (c) SEM image taken near the edge of Sr12Y2Cu24O41 after 10 h water 

treatment. The red dash line indicates approximate boundary between two distinct particle morphologies. (d) Zoomed in 

SEM image on (c). (e) and (f) EDS mapping results of Cu and Sr element on (d), respectively. 
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Effect of water treatment on thermal conductivity of uncoated Sr12Y2Cu24O41 

The thermal conductivity data of the samples after water treatment for 0, 1, 4, and 10 h are shown in Fig. 

4a. A significant decrease in thermal conductivity is observed as the treatment duration increases from 0 to 

4 h. The thermal conductivity at 300 K was reduced from 2.3 W m-1 K-1 for the pristine sample to 1.5 W m-

1 K-1 for the 4 h sample. However, extending the treatment duration to 10 h results in minimal further 

reduction, indicating that the reaction rate between water and the spin ladder compound slows significantly 

beyond 4 h. We calculate the solid thermal conductivity (κS) by correcting the porosity effect with:41,53 

𝜅𝑠 = 𝜅
2 + Φ

2 − 2Φ
, (5) 

where the porosity Φ is 15% for the cold-pressed samples. We assume that the porosity of the samples is 

approximately the same after water treatment. The solid thermal conductivity is shown in Fig. 4b. Due to 

the large energy gap of magnons (32.5 meV) in spin ladder compounds,11 the magnon thermal conductivity 

is negligible below 50 K.29 Therefore, the thermal transport at low temperatures is dominated by phonons, 

allowing us to fit the data using the Callaway model. The fitting parameters obtained from this low-

temperature analysis are subsequently extrapolated to higher temperatures to estimate the lattice thermal 

conductivity (κL) across the entire temperature range. The magnon thermal conductivity is subsequently 

determined by subtracting the phonon contribution from the total measured thermal conductivity. This 

approach effectively characterizes the phonon background and has been used in prior studies to separate 

the magnon contribution in spin ladder compounds.29,31,37,41 

The Callaway model for lattice thermal transport can be expressed as:31,54 

𝜅𝐿 =
𝑘𝐵

2𝜋2𝑣s
(

𝑘𝐵𝑇

ℏ
)

3

∫
𝑥4𝑒𝑥

𝜏−1(𝑒𝑥 − 1)2
d𝑥

θ𝐷
𝑇

0

, (6) 

where 𝑘𝐵 is the Boltzmann constant, 𝑣s is the sound velocity in the spin ladder compound, ℏ is the reduced 

Planck constant, T is the temperature, θ𝐷 is the Debye temperature, and 𝑥 =
ℏ𝜔

𝑘𝐵𝑇
, which acts as a variable 

of integration. The phonon relaxation time 𝜏 can be affected by several scattering processes, including the 

phonon-defect scattering (τd), phonon-boundary scattering (τb), phonon-phonon Umklapp scattering (τU) 

and nanoparticle scattering (τnp). According to Matthiessian’s law, 𝜏 can be expressed as:55 

𝜏−1 = 𝜏𝑑
−1 + 𝜏𝑈

−1 + 𝜏𝑏
−1 + 𝜏𝑛𝑝

−1 = 𝐴𝜔4 + 𝐵 exp (−
𝑏

𝑇
) 𝑇3𝜔2 +

𝑣𝑠

𝐿
+ 𝜏𝑛𝑝

−1, (7) 

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

scattering, and L is the phonon-boundary scattering mean free path. The term 𝜏𝑛𝑝
−1  accounts for the 

nanoparticle scattering and is given by:56 

𝜏𝑛𝑝
−1 = 𝑣np𝑁𝑝 [(2𝜋𝑅2)−1 + (

4

9
𝜋𝑅2 (

𝐷𝑀 − 𝐷𝑃

𝐷𝑀
)

2

(
𝜔𝑅

𝑣𝑛𝑝
)

4

)

−1

]

−1

, (8) 

where 𝑣np, 𝑁𝑝, and R are the sound velocity, concentration, and radius of the nanoparticles, respectively. 

𝐷𝑀  and 𝐷𝑃  are the mass density of matrix and nanoparticle, respectively. The value of R is 200 nm, 
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estimated from the SEM images. 𝑁𝑝 is the fitting parameter for nanoparticle scattering. The obtained fitting 

parameters are listed in Table 1, which are comparable to the results reported in previous studies.31,38  

Table 1. Fitting parameters of the Callaway model 

 Pristine 1 h 4 h 10 h 

𝐴(s3) 2.7627 × 10−41 2.7756 × 10−41 2.8268 × 10−41 2.8448 × 10−41 

𝐵(s K−3) 2.0021 × 10−17 2.0059 × 10−17 2.0016 × 10−17 2.004 × 10−17 

𝑏 (K) 154.3538 155.7805 152.5979 154.0235 

𝐿 (m) 3.5485 × 10−7 3.5487 × 10−7 5.0488 × 10−7 5.0488 × 10−7 

𝑁𝑝 (m−3) 0 1 × 1019 2.3 × 1019 2.3 × 1019 
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Fig. 4 (a) Measured thermal conductivity, (b) solid thermal conductivity, and (c) magnon thermal conductivity of 

polycrystalline Sr12Y2Cu24O41 with various water treating time. The shaded area in (a) depicts the measurement error of 

thermal conductivity. Lines in (b) are fitted lattice thermal conductivity based on Equ. (6). (d) Measured thermal 

conductivity and (e) magnon thermal conductivity of single crystal Sr12Y2Cu24O41 with various water treating time. Lines 

in (b) and (d) are fitted lattice thermal conductivity based on Equ. (6) without considering nanoparticle scattering.  (f) 

Treating time dependence of thermal conductivity of polycrystalline and single-crystal Sr12Y2Cu24O41 at 300 K. 
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The magnon thermal conductivity is extracted by subtracting the lattice thermal conductivity, estimated by 

the Callaway model, from the solid thermal conductivity, as shown in Fig. 4c. Both phonon and magnon 

thermal conductivity exhibit similar trends with respect to the treating time. As the treating time increases 

to 4 h, both lattice and magnon thermal conductivity decrease monotonically. At around 50 K, the peak 

value of the lattice thermal conductivity decreases from 2.3 to 1.3 W m-1 K-1. At the same time, the value 

of magnon thermal conductivity at 300 K decreases from 2.8 to 1.3 W m-1 K-1, which is an over 50% 

reduction. This substantial suppression of both lattice and magnon thermal conductivity indicates that the 

nanostructures, formed during the decomposition process, effectively scatter both phonons and magnons. 

Extending the treating time from 4 to 10 h results in only a marginal further reduction in thermal 

conductivity. This diminished rate of reaction is likely due to the reduced contact between water and the 

spin ladder compound, as the decomposition products form a barrier that hinders further interaction. 

We further study the effect of water treatment on the thermal transport in single crystal Sr12Y2Cu24O41. In 

contrast to the behavior observed in the polycrystals, the thermal conductivity of the single crystal shows 

minimal dependence on the treating time. As shown in Fig. 4d and e, both lattice and magnon thermal 

conductivity exhibit negligible changes even after 10 h treatment. This observation indicates that the 

decomposition process of the spin ladder compound is negligible in the single crystal. Fig. 4f compares the 

time-dependence of measured thermal conductivity and magnon thermal conductivity at 300 K for both 

polycrystal and single crystal. In the polycrystal, the thermal conductivity reduces exponentially with 

increasing treating time, suggesting a deceleration in the reaction rate between water and the spin ladder 

compound. This phenomenon is caused by the formation of nanoparticles, which reduces the gaps between 

boundaries and prevents water from penetrating deep into the sample. In the single crystal, due to the 

absence of grain boundaries, there is no pathway for water to penetrate into the sample. Thus, 

decomposition only happens in the region near the surface, which constitutes only a small portion of the 

sample and causes little effect on the thermal conductivity. It is worth comparing the thermal conductivity 

of our samples with that of commercial ceramics. At room temperature, the thermal conductivity of our 

samples is about 2.3 W m-1 K-1 for the polycrystal and 14.2 W m-1 K-1 for the single crystal. These values 

are significantly higher—by 50% and 850%, respectively—than those of commercial porcelain and other 

ceramics, which typically have thermal conductivity in the range of 0.5-1.5 W m-1 K-1.57–59 

 

Fig. 5 (a) Seebeck coefficient of Sr12Y2Cu24O41 polycrystal with various water treating time. (b) Seebeck coefficient of 

Sr12Y2Cu24O41 single crystal along c-axis with various water treating time. 
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We further studied the Seebeck coefficient of the samples with different water treating time. As shown in 

Fig. 5a, a large reduction in the Seebeck coefficient can be observed in the Sr12Y2Cu24O41 polycrystal. At 

room temperature, the Seebeck coefficient of the pristine sample reaches about 430 µV K-1. However, 

after water treatment, the Seebeck coefficient is suppressed to about 350 µV K-1. The appearance of the 

nanostructured CuO and SrCO3 may have altered the electrical properties of the sample,60–62 leading to the 

increased hole concentration and the suppression of Seebeck coefficient.63,64 Additionally, the Seebeck 

coefficient of the pristine simple shows a decreasing trend with increasing temperature, which is a typical 

non-degenerate semiconductor behavior, while the water treated samples shows a weaker temperature 

dependence. On the other hand, the Seebeck coefficient of the single crystal sample remains nearly 

unchanged before and after water treatment, maintaining approximately 430 µV K-1 at 300 K.  

 

Effect of water treatment on thermal conductivity and microstructure of metal coated polycrystalline 

Sr12Y2Cu24O41 

To prevent the decomposition of the spin ladder compounds in the humid environment, a polycrystalline 

spin ladder sample was coated with a thin layer of gold using a sputtering method. This gold layer, 

approximately 100 nm in thickness, serves as a protective barrier against moisture. As illustrated in Fig. 6, 

the adverse effects of water treatment on thermal conductivity were significantly mitigated by this coating. 

After 50 h of exposure to water treatment, the thermal conductivity of the sputtered sample remained nearly 

unchanged compared to that of the pristine sample, indicating the effectiveness of the protective layer. 

 

Fig. 6 Measured thermal conductivity of the sputtered Sr12Y2Cu24O41 after water treatment. The inset is the optical 

photo of the sputtered sample. The shaded area depicts the measurement error of thermal conductivity. 
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Furthermore, SEM images of both the center and edge of the treated sample, as shown in Fig. 7, reveal a 

smooth surface with well-defined grains, similar to those observed in the pristine polycrystalline material. 

These observations underscore the effectiveness of the gold sputter coating in shielding the sample from 

water-induced degradation. Overall, the results demonstrate that the gold coating not only preserves the 

structural integrity of the spin ladder compounds but also maintains their thermal properties, making it a 

promising approach for enhancing the durability of these materials in humid conditions. 

 

Fig. 7 SEM images of the gold-coated Sr12Y2Cu24O41 polycrystal taken (a) on the center and (b) around the edge, 

respectively. 

Conclusions 

We investigated the effects of water exposure on the microstructure and thermal transport in water-sensitive 

spin ladder compound Sr12Y2Cu24O41. The combined effect of water treatment and drying in air leads to the 

formation of impurity nanostructures. Near the surface, an enrichment of SrCO3 nanorods is observed, while 

both SrCO3 and CuO nanoparticles form at the center of polycrystal, resulting in significant deformation of 

particle morphology as compared to the pristine sample. The introduction of nanostructures results in a 

significant 50% reduction of both lattice and magnon thermal conductivity in the polycrystal subjected to 

4 h of water treatment. Specifically, the maximum lattice thermal conductivity is reduced from 2.6 to 1.3 

W m-1 K-1 at around 40 K.  At room temperature, the magnon thermal conductivity is reduced from 2.8 to 

1.3 W m-1 K-1. Further extending the treatment duration reveals only minimal additional effects, indicating 

a decreased reaction rate between the water and the spin ladder compounds. The formation of nanoparticles 

tends to fill the gaps between the material's structures, thereby hindering the diffusion of water deeper into 

the sample. Additionally, the effect of water treatment also leads to the suppression of the Seebeck 

coefficient, which indicates the changes in the overall electrical properties of the sample due to the 

formation of the nanostructured CuO and SrCO3. Conversely, the effect of water treatment on the thermal 

conductivity is negligible in the single crystals and metal-coated polycrystals, even after more than 10 h of 

water treatment. This result shows that the absence of grain boundaries in single crystals or a protective 

coating layer in polycrystals prevents water from penetrating deeply into the material, thereby preserving 

its thermal properties. Our findings provide valuable insights into the impact of water-induced 

decomposition on magnon thermal transport in spin ladder compounds, an area previously unexplored. 

Furthermore, we have established a simple and cost-effective metal-coating technique to protect these 
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water-sensitive materials from moisture, ensuring long-term durability. Our research significantly enhances 

potential applications of the spin ladder compounds for thermal management and energy conversion. 
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