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ABSTRACT 

Magnons are quasiparticles of spin waves, carrying both thermal energy and spin information. Controlling 

magnon transport processes is critical for developing innovative magnonic devices used in data processing and 

thermal management applications in microelectronics. The spin ladder compound Sr14Cu24O41  with large 

magnon thermal conductivity offers a valuable platform for investigating magnon transport. However, there are 

limited studies on enhancing its magnon thermal conductivity. Herein, we report the modification of magnon 

thermal transport through partial substitution of strontium with yttrium (Y) in both polycrystalline and single 

crystalline Sr14−xYxCu24O41. At room temperature, the lightly Y-doped polycrystalline sample exhibits 430% 

enhancement in thermal conductivity compared to the undoped sample. This large enhancement can be attributed 

to reduced magnon-hole scattering, as confirmed by the Seebeck coefficient measurement. Further increasing 

the doping level results in negligible change and eventually suppression of magnon thermal transport due to 

increased magnon-defect and magnon-hole scattering. By minimizing defect and boundary scattering, the single 

crystal sample with x = 2 demonstrates a further enhanced room-temperature magnon thermal conductivity of 

19 W m−1K−1, which is more than ten times larger than that of the undoped polycrystalline material. This study 

reveals the interplay between magnon-hole scattering and magnon-defect scattering in modifying magnon 

thermal transport, providing valuable insights into the control of magnon transport properties in magnetic 

materials. 

 

I. INTRODUCTION 

The collective magnetic excitations in magnetic materials are referred to as magnons, as the quasiparticles 

associated with spin waves.1,2 Like phonons, the quasiparticles of lattice vibrations, magnons can propagate in 

ordered magnetic structures, transporting both thermal energy and spin information. Consequently, magnons can 

function as heat carriers in some magnetic materials, providing a substantial contribution to thermal transport 

compared with the conventional heat carriers, phonons and electrons.3 This ability enables the application of 

magnon thermal transport in thermal management such as heat dissipation and thermal switching in 
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microelectronic devices.4–6 Magnons are also important for the recently discovered spin Seebeck effect,7 which 

refers to the generation of a spin voltage caused by a temperature gradient in a magnetic material. The spin 

Seebeck effect is promising for developing new technologies such as waste heat recovery that converts heat into 

useable electrical energy.8 Furthermore, since magnons allow for the transfer of spin angular momentum without 

the need for charge transport, magnonics are attractive for realizing Joule-heat-free transfer of quantum 

information.9–11 To achieve better performance in the applications of thermal management, energy conversion, 

and magnonics, controlling magnon transport length scale is needed, for which investigating the mechanisms of 

magnon scattering processes is crucial.12–16  

The spin ladder compounds (Sr, Ca, La)14Cu24O41, with a quasi-one-dimensional crystal structure, offer a 

valuable platform for studying magnon transport, given their large and tunable magnon thermal conductivity 

(𝜅𝑀).17–19 The crystal structure of the spin ladder compound Sr14Cu24O41 comprises three layers: the Cu2O3 

ladder layer, the CuO2 chain layer, and the Sr ion layer.20,21 The ladder and chain layers are alternately stacked 

along the b-axis, and are incommensurate along the c-axis, while the Sr ions separate the ladder and chain layers. 

Within the Cu2O3  ladder layer, the 180° Cu − O − Cu  couplings lead to antiferromagnetic interaction among 

Cu2+  spins along the a- and c- axes, serving as the rung and ladder directions, respectively. The strong 

antiferromagnetic coupling, with 𝐽 ≈ 170 meV  formed in the ladder layer, leads to a large magnon group 

velocity of about 105 𝑚 𝑠−1, which is about two orders of magnitude larger than the typical sound velocity in 

solids.22 Based on the kinetic model,1 such a remarkable group velocity of magnons is responsible for the large 

𝜅𝑀. In addition, the singlet-triplet excitation of magnons in spin ladders introduces an energy gap of about 32 

meV, which implies that the magnons are frozen at low temperatures and do not contribute to the thermal 

transport until thermally excited above 50 K.22–24 Previous thermal conductivity (𝜅) measurements on spin ladder 

compounds have shown a signature double-peak behavior in the temperature-dependent 𝜅 .17,18,25 The low-

temperature 𝜅 peak at about 50 K is mainly contributed by phonons while the high-temperature peak at about 

140 K is attributed to magnons. The difference in peak temperatures of phonon and magnon thermal transport 

makes it easier to separate the phonon and magnon contributions to 𝜅 for studying the magnon related properties. 

In the spin ladder compounds, magnon thermal transport can be modified by chemical doping. For example, 

the doping of Ca or La ions can affect the 𝜅𝑀 by changing the magnon-hole scattering intensity. In the undoped 

spin ladder compound Sr14Cu24O41, there are a total of 6 Cu3+ ions, considered as holes, per formula unit in the 

ladder and chain layers to maintain the charge neutrality.26 These holes are non-magnetic defects and can 

suppress the magnon thermal transport.27,28 Due to the difference in the atomic sizes, the substitution of Sr with 

Ca  can reduce the lattice constants and transfer holes from the chain layer to the ladder layer,29,30 inducing 

stronger magnon-hole scattering and suppressing 𝜅𝑀.17 On the other hand, La ions have a higher valence state 

than Sr and Ca ions. La-substitution can reduce the hole concentration in the spin ladder compounds, thereby 

suppressing magnon-hole scattering and enhancing 𝜅𝑀.17,31,32 Yttrium (Y), similar to La, can substitute Sr in the 

spin ladder compounds. Its valence state of +3 can reduce the hole concentration, which has been confirmed by 

previous optical and electrical studies.26,33 It is expected that the 𝜅𝑀  can also be enhanced by Y -doping. 

Furthermore, chemical doping can induce lattice distortion, thereby intensifying magnon-defect scattering, 

which may potentially counteract the effect of magnon-hole scattering. However, there is no experimental study 

on the impact of Y-doping on magnon thermal transport in spin ladder compounds. 

In this work, we prepared both polycrystalline and single crystal samples of Y-doped spin ladder compounds, 

Sr14−xYxCu24O41 (0 ≤ x ≤ 6), using the solid-state reaction (SSR) and traveling solvent floating zone (TSFZ) 

methods, respectively. The effects of Y-doping on crystal structure, and electrical and thermal properties of the 

samples were systematically investigated. The solid-solution limit of Y in spin ladders is found to be x = 4.6. 

The value of 𝜅𝑀 is greatly improved in the lightly Y-doped spin ladder compounds due to the reduced magnon-

hole scattering. Further increasing Y-doping level suppresses 𝜅𝑀 by overwhelming magnon-defect and magnon-

hole scattering, constating with the continuously increasing 𝜅𝑀  by La -doping.34 The Seebeck coefficient (𝑆 ) 

measurement shows a similar non-monotonic doping-dependent behavior, indicating a close relation between 



3 

 

the hole concentration and the magnon thermal transport. The unchanged two-magnon Raman peak position 

indicates that Y-doping does not modify the magnon group velocity. Compared with the undoped single crystal, 

a more than doubled 𝜅𝑀 at 300 K was observed in the lightly Y-doped Sr12Y2Cu24O41 single crystal sample. The 

magnon mean free path 𝑙𝑀 was calculated based on a kinetic model to better understand the magnon transport 

mechanisms in Y-doped samples.  

 

II. MATERIAL AND EXPERIMENTAL METHODS 

A. Synthesis of polycrystalline and single crystalline samples 

The starting materials for Sr14−xYxCu24O41  were SrCO3  (purity: 99.9%, Sigma-Aldrich), Y2O3  (purity: 

99.99%, Thermo Scientific), and CuO  (purity: 99.7%, Thermo Scientific). Polycrystalline samples were 

synthesized using the SSR method. The starting materials were mixed according to the stoichiometric ratio. The 

mixtures were sintered at 940 °C for 48 hours, then consolidated into pellets by cold pressing under a pressure 

of 330 MPa. The obtained pellets were annealed at 940 °C in the air for 12 hours. The single crystalline samples 

were synthesized by the TSFZ method using a Quantum Design’s 2-mirror IR image furnace (model: IRF01-

001-05), similar as a previous report.35 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 the atomic ratio of Sr ∶ Y is equal to 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. 

 

B. Phase and microstructure characterization 

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. MDI Jade software was used to analyze 

the XRD results of the samples. Six strong peaks were selected to calculate the lattice parameters based on 

Bragg's law. 

The microstructure and elemental analysis of the polycrystalline samples were studied by 4 TESCAN Vega3 

SBH scanning electron microscopy (SEM) with energy dispersive X-ray spectrometry (EDS).  The quality and 

orientation of the single crystalline samples were 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. The Laue 

back reflection study was also performed to check the quality of the single crystalline samples using a Laue 

modulus on a Philips PW 1830 X-ray generator. The details of the single-crystal XRD and Laue back-reflection 

study are given in the Supplementary Material. Raman measurement was performed to understand the magnetic 

couplings in the single crystal samples using the Horiba LabRam with a 532 nm Coherent Sapphire laser at room 

temperature. The incident laser beam is non-polarized and oriented perpendicular to the c-axis of the crystals. 

 

C. Thermal and electrical measurements 

The specific heat 𝐶𝑝, thermal conductivity 𝜅, and Seebeck coefficient 𝑆 of the samples were measured by 

Quantum Design’s physical property measurement system (PPMS). The measurement of 𝐶𝑝 was performed on 

samples with dimensions of about 1 × 1 × 0.5 mm3 between 3-300 K. 𝜅 and 𝑆 were measured through PPMS’s 

continuous mode under a continuous heating rate of 0.3 K min−1 in the temperature range of 3-300 K.  The 
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measurements were performed on the bar-shape samples of about 1 × 1 × 8 mm3  with a four-probe 

configuration. The polycrystalline samples were cut along both in-plane (IP) and out-of-plane (OP) directions of 

the pellets. The single crystal samples were cut parallel and perpendicular to the c-axis. The details for the 

uncertainty analysis of the thermal conductivity measurements are given in the Supplementary Material. 

III. RESULTS AND DISCUSSION 

A. Phase and microstructure of polycrystalline 𝐒𝐫𝟏𝟒−𝐱𝐘𝐱𝐂𝐮𝟐𝟒𝐎𝟒𝟏 

The crystal structure of spin ladder compounds is displaced in Fig 1(a). Y dopants can replace the Sr atoms 

between the spin ladder sand spin chain layers. As shown in Fig. 1(b), the XRD patterns of Sr14−xYxCu24O41 

polycrystalline samples indicate that the samples are mostly pure after the SSR process as all the major peaks 

can be indexed as Sr14Cu24O41 (PDF#: 48-1496). A small amount of impurities identified as YCu2O4 and CuO 

can be observed in the sample with x = 6. Fig. 1(c) shows that the three highest peaks of samples shift to higher 

angles gradually as x increases. This observation indicates that the lattice constants have been changed when Sr 

is replaced by Y. Fig. 1(d) shows the obtained lattice constants of various Y-doped samples by refining the XRD 

patterns, which are compared with a previous study.36 As the value of x increases, the lattice constant b decreases 

from 13.34 to 12.92 Å while the lattice constants a and c show negligible change by Y-doping. A linear fitting 

on the obtained values of b shows that the decreasing trend of b is different for 4 < x < 6. Assuming the lattice 

constant b decreases linearly with Y-doping level until reaching a saturation level based on Vegard’s law,37 we 

found that the solubility limit of Y in Sr14−xYxCu24O41 is x = 4.6. This result is consistent with the previous 

studies.36,38,39 

 

Fig. 1. (a) Crystal structure of the spin ladder compounds. (b) The XRD patterns of Sr14−xYxCu24O41 polycrystalline samples. (c) 

The XRD patterns of Sr14−xYxCu24O41 polycrystalline samples with 2θ between 30° to 35°. The arrow shows the direction of peak 



5 

 

shifting with the increasing value of x. (d) The lattice constants of Sr14−xYxCu24O41 obtained from the XRD analysis, compared 

with a previous study marked as open symbols.36 

Fig. 2(a)-(c) present the SEM images of the x = 0, 2, and 4 samples after cold pressing. The average grain 

sizes are 3.4, 2.7, and 2.1 µm for the samples with x = 0, 2, and 4, respectively. The detailed grain size analysis 

can be found in Fig. S1 of Supplementary Material. The grain size decreases slightly as the Y -doping level 

increases, which suggests that the Y-doping can decrease the reaction rate during SSR and cause smaller grain 

sizes.39 The EDS mapping results for the sample with x = 4 are illustrated in Fig. 2(e)-(h). All the elements Sr, 

Y, Cu, and O show a uniform distribution, which indicates a homogeneous distribution of Y in the samples after 

cold pressing. The atomic ratio of Sr: Y: Cu determined by the EDS is about 10: 3: 22, which is close to the 

designed ratio of 10: 4: 24. 

 

Fig. 2. (a-c) SEM images of samples with x = 0, 2, and 4, respectively. (d) EDS spectrum of Sr10Y4Cu24O41. The inset is the EDS 

element analysis result of Sr, Y, and Cu. (e-h) EDS mapping for Sr, Y, Cu, and O in Sr10Y4Cu24O41, respectively. 

  

B. Thermal and electrical properties of polycrystalline 𝐒𝐫𝟏𝟒−𝐱𝐘𝐱𝐂𝐮𝟐𝟒𝐎𝟒𝟏 

The measured 𝜅 data along the IP and OP directions of the polycrystalline samples are shown in Fig. 3(a-b). 

For all the samples, 𝜅 measured along the IP direction is higher than that of the OP direction, which is due to the 

texture effect as reported in previous studies.15,25,31 The solid thermal conductivity (𝜅𝑠 ) can be obtained by 

correcting the porosity effect as discussed in the Supplementary Material. According to a study by Kato et al.,40 

the electrical resistivity of the undoped spin ladder compound Sr14Cu24O41  monotonically decreases with 

increasing temperature, reaching approximately 0.001 Ω m at 300 K. Y-doping can further increase the resistivity 

by several orders of magnitude.40 Based on the Wiedemann-Franz law, the electron contribution to 𝜅 for the 

undoped sample at 300 K is less than 0.008 W m−1K−1, which is negligible compared to the total 𝜅. Since 

magnons are frozen at low temperatures due to the large energy gap, the low-temperature thermal transport is 

primarily contributed by phonons.41 The lattice thermal conductivity (𝜅𝐿) can be obtained by fitting 𝜅𝑠 below 50 

K using a Callaway model42 and extrapolating the fitting to high-temperature region. The detailed fitting of 𝜅𝐿 

can be found in the Supplementary Material. The obtained 𝜅𝑠 and 𝜅𝐿 are shown in Fig. 3(c) and (d). 𝜅𝑠 exhibits 

a unique behavior in the x = 0 sample compared with the other samples. In this undoped sample, a signature 

double-peak behavior is observed with the highest peak values of 𝜅𝐿 = 5.2 W m−1K−1 and 4.6 W m−1K−1 at 

40 K along the IP and OP directions, respectively, which are more than double those of other samples. At 50 K, 

𝜅𝑠 decreases gradually with increasing x, which indicates an increased phonon-defect scattering due to Y-doping. 

Furthermore, the x = 2 and 4 samples exhibit high values of 𝜅𝑠 above 200 K, where the magnon contribution 

dominates the total thermal transport.  
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Since the magnon thermal transport in the polycrystalline samples is uniform along the IP direction, the 

intrinsic 𝜅𝑀 is obtained as: 𝜅𝑀 = 2𝜅𝑀,IP + 𝜅𝑀,OP = 2(𝜅𝑠,IP − 𝜅𝐿,IP) + (𝜅𝑠,OP − 𝜅𝐿,OP).25 The factor of 2 in the 

expression is due to one-dimensional magnon transport, which needs to be summed over the two IP directions 

and one OP direction to get 𝜅𝑀 for a polycrystal.  As shown in Fig. 4(a), the sample with x = 0 displays a peak 

in 𝜅𝑀 around 160 K, whereas samples with x = 2, 4, and 6 demonstrate a continuous increase in 𝜅𝑀 up to the 

measured temperature. This observation can be attributed to decreased magnon scattering by Y-doping near room 

temperature. Furthermore, the 𝜅𝑀 value near 300 K increases initially with Y-doping content up to x = 4. Further 

increasing the Y content results in a suppression of 𝜅𝑀. Above 150 K the x = 2 and 4 samples show large 𝜅𝑀, 

which is about 6.4 W m−1K−1 at 300 K. This value is more than 430% larger than that of the x = 0 sample. Our 

observation indicates a non-monotonic Y-doping effect on the magnon scattering processes in the spin ladder 

compounds. Other than the magnon-defect scattering, the Y -doping effect also engages in other magnon 

scattering mechanisms that improve 𝜅𝑀 in Sr14−xYxCu24O41. As Y-doping can reduce the hole concentration in 

the spin ladder compound,33 we believe that the enhancement of 𝜅𝑀  results from suppressed magnon-hole 

scattering, which will be discussed in detail below.  

 

Fig. 3. (a), (b) 𝜅 of Sr14−xYxCu24O41 polycrystalline samples along IP and OP directions, respectively. The shaded area presents 

the measurement uncertainty. (c) 𝜅𝑠  and (d) 𝜅𝐿  of Sr14−xYxCu24O41  polycrystalline samples along IP and OP directions, 

respectively.  

To better understand the effect of Y-doping on 𝜅𝑀, magnon mean free path 𝑙𝑀 is calculated as:43 

𝑙𝑀 = 𝜅𝑀 (
3𝑛𝑠

𝜋ℏ𝑘𝐵𝑇2
∫

exp (
𝜖

𝑘𝐵𝑇
)

[exp (
𝜖

𝑘𝐵𝑇
) + 3]

2 𝜖2𝑑𝜖
𝜖𝑚𝑎𝑥

∆

)

−1

(1) 

where ℏ is the reduced Planck constant, 𝑘𝐵 is the Boltzmann constant, 𝑛𝑠 is the number of spin ladders per unit 

cross-sectional area perpendicular to the spin ladders, 𝑇 is the temperature, ∆ is the energy gap of the magnon 
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dispersion of ladders, and 𝜖𝑚𝑎𝑥 is the band maximum of the spin excitations of ladders. In this analysis, the 

values of ∆ and 𝜖𝑚𝑎𝑥 are chosen to be 32.5 and 200 meV, respectively, according to a previous report.22 The 

obtained 𝑙𝑀 decreases with increasing temperature, as plotted in Fig. 4(b). Below about 160 K, 𝑙𝑀 is increased 

for the samples with x = 1 and 2, which can be attributed to the suppressed magnon-hole scattering by Y-doping, 

while 𝑙𝑀 is reduced if the doping concentration is further increased due to enhanced defect scattering. The sample 

with x = 6 shows an even lower 𝑙𝑀  as compared to the undoped sample. In contrast, 𝑙𝑀 shows a different non-

monotonic doping dependence at 300 K, the maximum value of 𝑙𝑀 appears in the x = 2 and 4 samples, with a 

value of about 40 Å. Further increasing the Y content to x = 6 leads to a slightly reduction of 𝑙𝑀, which is still 

larger than that of undoped sample. Our observations suggest that magnon-defect scattering is a significant 

scattering mechanism below approximately 160 K, whereas magnon-hole scattering becomes more important at 

higher temperatures. In addition, the maximum value of 𝑙𝑀 for the x = 0 sample is only about 140 Å at 100 K, 

which equivalent to about 5 unit cells along c-axis and much smaller than the average grain size. This result 

implies a high defect concentration in the polycrystalline samples. Since magnon-defect scattering is dominant 

at low temperatures, the effect of grain size on magnon thermal transport becomes negligible, as reported in a 

previous study.31 

The averaged lattice thermal conductivity can be calculated as 𝜅𝐿 = (2𝜅𝐿,𝐼𝑃 + 𝜅𝐿,𝑂𝑃)/3. The obtained average 

𝜅𝐿 data are displayed in Fig. 4(c). The phonon mean free path (𝑙𝑝) can be calculated using a kinetic model as:42 

𝑙𝑝 = 𝜅𝐿 (
𝑘𝐵

4𝑇3

2𝜋2𝑣𝑠
2ℏ3 ∫

𝑥4𝑒𝑥

(𝑒𝑥−1)2 𝑑𝑥
θ𝐷
𝑇

0
)

−1

                                                   (2) 

where 𝑣s is the sound velocity, θ𝐷 is the Debye temperature, and 𝑥 =
ℏ𝜔

𝑘𝐵𝑇
, which acts as a variable of integration. 

Fig. 4(d) shows a monotonic decrease of 𝑙𝑝 with the increasing value of x, especially in the temperature range 

of ~10-30 K. This finding is mainly caused by the enhanced defect scattering of phonons by Y-doping in the 

intermediate temperature range while the boundary scattering is dominant below 10 K.44 
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Fig. 4. (a) 𝜅𝑀 and (b) 𝑙𝑀 of Sr14−xYxCu24O41 polycrystalline samples. (c) 𝜅𝐿 and (d) 𝑙𝑝 of Sr14−xYxCu24O41 polycrystalline 

samples. (e) Temperature-dependent S of Sr14−xYxCu24O41 polycrystalline samples, along the IP (in filled symbols) and OP (in 

empty symbols) directions. (f) Doping-dependent S and 𝜅𝑀 of Sr14−xYxCu24O41 polycrystalline samples at 300 K. 

 

To reveal the effect of Y -doping on the hole concentration in the spin ladder compounds, the 𝑆  of the 

polycrystalline samples was measured, as shown in Fig. 4(f). The values of 𝑆 along IP and OP directions in the 

same sample are very close. The positive value of S indicates a p-type behavior in Sr14−xYxCu24O41, which is 

expected for hole-doped spin ladders. Interestingly, the temperature dependence of 𝑆 changes as the doping level 

increases. For samples with x = 0, 1 and 2, 𝑆 decreases with increasing temperature, which is a typical non-

degenerate semiconductor behavior.45 In contrast, the samples with x = 4 and 6 exhibit a positive temperature 

dependence of 𝑆, which usually appears in metals and degenerate semiconductors.45,46 A similar behavior has 

also been observed in the Ca-doped Sr14−xCa𝑥Cu24O41, where Ca-doping transfers holes from chain to ladder 

layers, leading to an insulator-to-metal transition.47 However, such a transition is unlikely to happen in the Y-

doped spin ladder compounds since Y -doping usually reduces the hole concentration as reported by other 
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studies.26,33 We believe the change in the scattering process is the origin for the different temperature dependence 

in the x = 4 and 6 samples. In conventional p-type semiconductor materials, 𝑆  is inversely related to the 

temperature and hole concentration, which can be expressed as:48,49 

𝑆 =
𝑘𝐵

𝑒
[
𝐸𝐹 − 𝐸𝑣

𝑘𝐵𝑇
− (r + 2.5)] (3) 

where 𝑒 is the charge of carrier, 𝐸𝐹 is the fermi energy, 𝐸𝑣 is the valence band energy, which is positively related 

to hole concentration, and r is the scattering factor, defined by the energy dependence of the mean scattering 

time of holes. As shown in Eq. (3), 𝑆 varies due to the scattering process of holes. The typical value of r is -0.5 

for the acoustic phonon scattering and 1.5 for the ionized impurity scattering.49,50 At low temperatures, the 

ionized impurity scattering due to Y -doping is the main scattering mechanism of holes.50 However, as the 

temperature rises, the acoustic phonon scattering dominates the scattering mechanism, leading to a reduction of 

the scattering factor, which can change the temperature dependence of 𝑆.  

The value of 𝑆 at 300 K increases as x increases from 0 to 4, which can be attributed to the change in hole 

concentration. 𝑆 starts to decrease for x = 6, indicating an increase of hole concentration in the heavily doped 

Sr14−xYxCu24O41 due to the impurities. Using a single parabolic band (SPB) model,51 the hole concentration of 

the samples can be estimated as 10 ⨯1020, 8.0 ⨯1020, 1.8 ⨯1020, 1.2 ⨯1020, and 8.3 ⨯1020 cm-1, for samples with 

x = 0, 1, 2, 4 and 6, respectively. The detailed analysis of the SPB model can be found in the Supplementary 

Material. Increasing the Y-doping level initially reduces the hole concentration until x = 4, then increases the 

hole concentration at x = 6. A possible explanation is that high Y-doping level leads to a higher number of lattice 

defects or formation of impurities, which may induce more holes. This increase can counterbalance the effect of 

the reduced population of Cu3+  ions.52 Another possible reason is that Y -doping, by shrinking the lattice 

constants like Ca-doping, can transfer holes from spin chains to ladders.30 

As shown in Fig. 4(f), a similar Y-doping dependence can be observed on both 𝑆 and 𝜅𝑀 of the polycrystalline 

samples at 300 K. It should be noted that the rates of change in 𝑆 and 𝜅𝑀 are different. While both S and 𝜅𝑀 are 

dependent on the hole concentration, other mechanisms also play some roles. In the case of 𝜅𝑀 , both 

concentration and mobility of holes can determine the magnon-hole scattering process. In addition, the value of 

𝜅𝑀  is also influenced by magnon-defect scattering. Meanwhile, 𝑆  is predominantly governed by the hole 

concentration and acoustic phonon scattering at 300 K. Through the similar trends of 𝜅𝑀  and 𝑆 as functions of 

doping level, the Y-doping effect on 𝜅𝑀 in the spin ladder compounds is mainly attributed to the modulation of 

hole concentration and lattice distortion. In the lightly doped samples with x = 1 and 2, the Y-doping improves 

𝜅𝑀 by reducing the magnon-hole scattering, while in the heavily doped samples with x = 4 and 6, the Y-doping 

is not effective in increasing 𝜅𝑀 due to the enhanced the magnon-defect and magnon-hole scattering. Due to the 

smaller ionic radius of Y than Sr, Y-doping can reduce the distance between the ladder layers and the (Sr, Y) 

layers, possibly leading to a mismatch between these layers and a bending in the Cu − O − Cu coupling of the 

ladder layers.28 In a previous study,34 La -doping resulted in a monotonic increase of 𝜅𝑀  with doping 

concentration, contrasting with the non-monotonic alteration of 𝜅𝑀 observed in this study. Such a difference can 

be attributed to the smaller ionic radius of Y compared to La, resulting in a greater reduction of the b-axis and 

stronger magnon-defect scattering in Y-doped samples. 

 

C. Optical and thermal properties of single crystalline 𝐒𝐫𝟏𝟒−𝐱𝐘𝐱𝐂𝐮𝟐𝟒𝐎𝟒𝟏 

Motivated by our findings on polycrystalline samples, we grew Sr14−xYxCu24O41 single crystals through the 

TSFZ method, aiming to further enhance the magnon transport by reducing the defect and boundary scattering. 

Details on the structural characterization of single crystals can be found in the Supplementary Material. The 

Raman spectrum obtained from the single crystals is shown in Fig. 5. The broad two-magnon peak can be 
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detected in all three samples at the similar Raman shift of around 2800 cm−1 , which is consistent with the 

previous studies.43,53 Two-magnon scattering originates from two magnons close to the Brillouin zone center 

with equal and opposite wavevector.54 Since the two-magnon peak position is associated with the 

antiferromagnetic coupling energy in the ladder layer,55 the similar peak position in all three samples indicates 

that the Y-doping does not observably affect the strength of the coupling energy. As a result, the magnon group 

velocity in the spin ladder is not changed noticeable by Y-doping. This result is consistent with the doping-

independent lattice constants a and c. Since Cu − O − Cu antiferromagnetic coupling only exists within the ac-

plane, the nearly unchanged values for a and c by Y-doping have little effect on modifying the intralayer coupling 

energy. 

 

Fig. 5. Raman spectra of Sr14−xYxCu24O41 single crystals. The inset is a zoomed-in view between 2000 and 4000 cm−1 showing 

the two-magnon peak. 

Fig. 6(a) shows the 𝜅  of Y -doped single crystals, compared with that of undoped single crystals from a 

previous report.17 It is noted that several groups have reported the 𝜅 of Sr14Cu24O41single crystals,17,18,22,28,34 as 

shown in Fig. S5 of the Supplementary Material. Overall, the reported 𝜅 data along c-axis exhibit a similar trend. 

The peak value near 140 K shows a variation, which could be due to the differences in growth parameters and 

chemical stoichiometry. Nevertheless, the room-temperature 𝜅  and 𝜅𝑀  values remain largely consistent. 

Compared with the undoped sample along c-axis, the Y-doped samples have higher 𝜅 values at room temperature 

while the 𝜅  values at low temperatures are significantly suppressed. For comparison, the measured 𝜅 

perpendicular to c-axis shows a single peak near 20 K, indicating absence of magnon contribution. As shown in 

Fig. S6(a) of the Supplementary Material, it is noted that the measured 𝜅 values perpendicular and parallel to c-

axis are very close below 30 K, where phonon thermal transport dominates. As shown in Fig. 6(b), the single 

crystal samples exhibit higher 𝜅𝑀  than the polycrystalline samples, which can be attributed to suppressed 

boundary and defect scattering caused by larger grain sizes and fewer lattice defects, respectively. Among the 

single crystal samples, Sr12Y2Cu24O41 exhibits the highest 𝜅𝑀 of about 19 W m−1K−1 at 300 K, which is more 

than doubled compared with the undoped sample of about 7 W m−1K−1 .17 Both single crystalline and 

polycrystalline samples with x = 2 exhibit higher 𝑆 values than those of undoped samples (Fig. S6(b)). Fig. 6(c) 

shows that the undoped single crystal, despite having a higher 𝑙𝑀 at low temperatures, suffers from a fast decline 

above 150 K, which is likely caused by the magnon-hole scattering.19 It has been reported that the charge order 

temperature in Sr14Cu24O41 is about 180 K.56 Therefore, the magnon-hole scattering can be enhanced above this 

temperature, which can lead to the fast decline in 𝑙𝑀.  The x = 4 sample has a lower 𝑙𝑀 compared with the x = 2 

sample, which can be attributed to the enhanced magnon-defect due to the Y-induced lattice distortion. 
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The 𝐶𝑝 data of the samples are presented in Fig. S7 of the Supplementary Material. It has been found that the 

Y -doping shows a slightly enhancement on the Debye temperature and sound velocity in the spin ladder 

compounds. This enhancement is caused by the reduction of lattice parameter b as the interlayer bonding strength 

enhances with the smaller interlayer distance.57 As a layered material, the Debye temperature and sound velocity 

of spin ladder compounds are dominated by the bonding strength within the ac-plane, as the phonon behavior is 

mainly defined by the intralayer phonon modes.58 Thus, the reduction of the lattice constant b in interlayer 

direction causes weak impact on the Debye temperature and sound velocity. In the undoped spin ladder 

compound Sr14Cu24O41 , the long-range magnetic order is absent at finite temperatures in the spin ladder 

sublattice due to quantum fluctuations.59,60 Ca-doping can lead to an antiferromagnetic ordering below 2.3 K.60 

However, according to our 𝐶𝑝 measurement, Sr14−xYxCu24O41 samples do not exhibit any long-range magnetic 

ordering above 5 K. 

Compared with the polycrystalline spin ladder compound Sr14Cu24O41 , 𝜅𝑀  of the Y -doped single crystal 

Sr12Y2Cu24O41 is greatly increased by more than ten times at 300 K, as shown in Fig. 6(d). Firstly, utilizing the 

doping effect of Y, which can reduce the magnon-hole scattering, we are able to enhance 𝜅𝑀 by 430% in the 

polycrystalline spin ladder compound. Furthermore, the single crystal Sr12Y2Cu24O41 sample exhibits a further 

enhanced 𝜅𝑀, as a result of reduced defect and boundary scattering. 

 

Fig. 6. (a) 𝜅 of Sr14−xYxCu24O41 single crystals measured parallel and perpendicular to c-axis, respectively. Shown for comparison 

is the 𝜅 for Sr14Cu24O41 along the c-axis reported by Hess et al.17 The dashed lines in (a) are fitted 𝜅𝐿 by the Callaway model.42 
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The shaded area represents the uncertainty of the measurement. The inset in (a) is a photo of a Sr12Y2Cu24O41 single crystal grown 

by the TSFZ method. (b) 𝜅𝑀 and (c) 𝑙𝑀 of Sr14−xYxCu24O41 single crystals (in solid symbols) compared with the polycrystal data 

(in open symbols) and literature values.17 (d) The comparison of 𝜅𝑀 of Sr14−xYxCu24O41 with x = 0 and 2 at 300 K. The 𝜅𝑀  data 

of single crystal sample with x = 0 is calculated using the 𝜅 reported by Hess et al.17 

 

IV. CONCLUSIONS 

We investigate the effect of Y-doping on the thermal transport properties of magnons in both polycrystalline 

and single crystalline spin ladder compounds, Sr14−xYxCu24O41 . The Y -doping effect on 𝜅𝑀  exhibits a non-

monotonic behavior. Due to its higher valence state, Y-doping can effectively reduce the hole concentration and 

magnon-hole scattering in the lightly doped polycrystalline samples. Consequently, both 𝜅𝑀  and S of 

Sr12Y2Cu24O41, are enhanced compared with the undoped sample at room temperature. Further increasing the 

Y -doping level induces lattice distortion, which intensifies magnon-defect scattering, leading to negligible 

changes and eventual suppression of 𝜅𝑀 and 𝑆. This behavior differs from the monotonic increase of 𝜅𝑀 in La-

doped spin ladders,34 attributed to stronger magnon-defect scattering in Y-doped samples with shorter spacing 

between spin ladders and (Sr, Y) layers.  The Y-doping also leads to a change of the temperature dependence on 

S away from the conventional behavior of non-degenerate semiconductors, due to stronger ionized impurity 

scattering at low temperatures. The location of the two-magnon Raman peak, which is independent of Y-doping 

level, indicates little modification of the magnon group velocity through Y-doping. In the single crystal samples, 

𝜅𝑀  is further enhanced by minimizing defect and boundary scattering. The single crystal of Sr12Y2Cu24O41 

exhibits a large room-temperature 𝜅𝑀 of 19 W m−1K−1, which is more than ten times greater than that of the 

undoped polycrystalline sample. Additionally, Y -doping monotonically suppresses 𝜅𝐿  and 𝑙𝑝  due to the 

enhanced phonon-defect scattering. This work reveals the interplay between magnon-hole scattering and 

magnon-defect scattering in modifying magnon thermal conductivity, which can provide useful guidelines for 

designing magnetic materials with controlled magnon properties for energy transport and quantum information 

processing.  

 

SUPPLEMENTARY MATERIAL 

See the supplementary material for the uncertainty analysis for the thermal conductivity measurements, the 

phase analysis and structure characterization of samples, the grain size distribution of polycrystalline samples, 

the thermal property analysis with Callaway model, the thermal conductivity data of single crystals from 

previous studies, and Seebeck coefficient and specific heat data for single crystals. 
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