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Abstract 

Although many years have passed since the discovery of high-critical-temperature (high-Tc) 

superconducting materials1,2, the underlying mechanism is still unknown. The B1g phonon anomaly 

in high-Tc cuprate superconductors has long been studied3-5; however, the correlation between the 

B1g phonon anomaly and superconductivity has yet to be clarified. In the present study, we 

successfully reproduced the B1g phonon anomaly in YBa2Cu3O7 (YBCO) using an ab initio 

molecular dynamics (AIMD) simulation and temperature-dependent effective potential (TDEP) 

method. The Ag phonon by Ba atoms shows a more severe anomaly than the B1g phonon at low 

temperatures. Our analysis of the phonon anomaly and the temperature-dependent phonon 
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dispersion indicated that decoupling between thermal phenomena and electron transport at low 

temperatures leads to layer-by-layer thermal decoupling in YBCO. Electronically and thermally 

isolated Ba atoms in YBCO are responsible for the thermal decoupling. The analytic study of the 

thermal dcoupling revealed that Planckian dissipation6,7 expressing linear-T resistivity is another 

expression of the Fermi liquid of the CuO2 plane. The Uemura plot 8,9 of the relationship between 

Tc and the Fermi temperature, as well as the superconducting dome in YBCO, is explained 

rigorously and quantitatively. Our findings not only present a new paradigm for understanding 

high-Tc superconductivity but also imply that the spontaneous formation of low-temperature layers 

in materials can lead to revolutionary changes in the thermal issues of industrial fields. 

 

Main 

The most important issue in the study of unconventional superconductivity involves the proposed 

mechanism, which seems to explain superconductivity but does not fit well when applied to newly 

discovered high-critical-temperature (high-Tc) superconducting materials. Recently, many 

superconductors have been discovered due to the explosive increase in low-temperature-physics 

research10-16, and more theories have been proposed as the superconducting materials to be applied have 

become more diversified17-22. It is generally accepted that the electron–phonon interaction in the Bardeen–

Cooper–Schrieffer (BCS) theory18,23 is still important and that this basic mechanism governing 

superconductivity does not change. Therefore, most research has been performed using the concept that 

high-Tc superconductivity is induced by strong electron–phonon interaction24-27. In the process, many 

studies have focused on elucidating the states of electrons and their strong correlations in high-Tc 

superconductors28-30. However, despite the importance of phonons in the electron-phonon interaction, 

phonons have not been as well studied as electrons in unconventional superconductivity. Notably, a recent 

angle-resolved photoemission spectroscopy study indicated the necessity for B1g phonon investigation in 

relation to the importance of electron–phonon coupling, as the system evolves from the BCS regime to 
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the high-Tc regime in heavily over-doped Bi221231. It has been also reported that phonons play an 

important role in pseudogap phase of cuprates 32. 

A phonon anomaly is a representative phonon phenomenon that appears peculiarly in high-Tc cuprate 

superconductors3,26,33. Numerous studies have been conducted on phonon anomalies as they relate to 

superconductivity. In particular, the B1g phonon anomaly of YBCO appears just above Tc when the 

temperature is lowered, and the B1g phonon frequency drops rapidly due to softening below Tc
3-5. The B1g 

phonon anomaly is believed to originate from the depletion of the electron density of states due to the gap 

opening31; however, the relationship between the two has not been resolved. A better understanding of 

the B1g phonon anomaly and an explanation of its consequences regarding superconductivity are necessary.  

In this study, we investigated the phonon anomaly in YBCO using the ab initio molecular dynamics 

(AIMD) simulation method and the temperature-dependent effective potential (TDEP) method34,35. First, 

we performed constant temperature AIMD at various temperatures. The TDEP method can extract the 

force constant from the AIMD results and is useful for temperature-dependent phonon studies including 

anharmonic effects36. Notably, ours is the first simulation report on the B1g phonon anomaly. Beyond the 

confirmation of the B1g phonon anomaly, we also revealed thermal decoupling inside YBCO that is 

induced due to the decoupling between the thermal properties and electron transport. Based on our 

analysis, we demonstrate that this thermal decoupling is an important key to understanding high-Tc 

superconductivity.  

 

Results 

We performed AIMD simulations at various temperatures, decreasing from 300 to 20 K, and obtained 

temperature-dependent phonon dispersions using the TDEP method. Figure 1a shows the frequency of 

the B1g phonon as a function of temperature. The B1g phonon mode is the out-of-plane vibration mode of 

oxygen atoms in the CuO2 plane. Our simulation shows that the frequency of the B1g phonon increases as 
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the temperature decreases from 300 to 150 K, with a more gradual decrease around 150 K, similar to the 

behavior observed in experiments3-5; however, the frequency drops abruptly near 70 K, which is slightly 

different from what was observed experimentally, in which the B1g phonon frequency drops abruptly near 

the superconducting temperature, at ⁓90 K. We will discuss this difference later in our analysis. 

Intriguingly, this anomalous behavior occurs not only in the B1g phonon but also in the Ag phonon, which 

is even stronger, as shown in Fig. 1b. The Ag phonon is an out-of-plane mode mainly from Ba atoms. The 

frequency of the Ag phonon decreases by ~70 cm−1 from 300 to 20 K, whereas that of the B1g phonon 

decreases by just 1.3 cm−1. Such an Ag phonon anomaly originating from Ba atoms has been reported in 

Raman spectroscopy for YBCO37. However, no serious anomaly has been reported, which could be due 

to the thermalization associated with spectroscopy measurements. Phonons with low frequencies are 

generally affected by observation processes such as those involving lasers38. Notably, many other out-of-

plane phonons, as well as the B1g and Ag phonons, are softened when the temperature is reduced below 

Tc (Supplementary Fig. 1), which has also been observed in Raman spectroscopy 39.  

To investigate the effect of phonon softening on the thermodynamics of YBCO, we analyzed the phonon 

dispersion relation with respect to temperature. Figure 2a shows phonon dispersions obtained from TDEP 

calculations carried out after AIMD simulations at 300, 90, and 30 K. The internal energy of a harmonic 

crystal is given by the following40: 

𝑈 = 𝑉𝑢eq + ∑
1

2
ℏωs(𝐤)

𝐤𝑠

+ ∑
ℏω𝑠(𝐤)

𝑒𝛽ℏω𝑠(𝐤) − 1
𝐤𝑠

  ,                                          (1) 

where 𝑉 is the crystal volume, ωs(𝐤) is the frequency of the phonon modes, and 𝛽  is 1/𝑘B𝑇. The first 

and second terms represent the energy of the equilibrium configuration and the energy of zero point 

vibration, respectively. The last term is the temperature-dependent part of the internal energy (TDPIE), 

of which the frequency dependence is displayed as the background color of Fig. 2a. The contribution of 

Ba atoms for each phonon mode and the wave vector are also calculated from the phonon eigenstates, 

which is shown as the grayscale lines overlaying the phonon dispersion curves in Fig. 2a. The contribution 



 5 

of Ba atoms for each phonon mode is distributed mainly in the low-frequency phonon modes; this 

contribution does not change significantly as the temperature decreases. This implies that the contribution 

ratio of Ba atoms to TDPIE increases as the contribution of high-frequency phonons to TDPIE decreases 

with the temperature. Figure 2b shows the contribution of each type of atom to TDPIE as a function of 

temperature. The contribution of Ba atoms to TDPIE increases as the temperature decreases, reaching a 

maximum near 30 K. Thus, the contribution of each type of atom to the internal energy is different at low 

temperatures. As such, this behavior is expected to affect the thermal properties of YBCO, potentially 

generating local thermal phenomena at low temperature, depending on the type of atom.  

It is well known that free electrons in metals play an important role in thermal transport and are capable 

of delocalizing local thermal phenomena. Figure 2c shows the charge density distribution in YBCO, 

which reveals that the Ba atom is separated electronically from the other atoms, especially from the Cu 

and O atoms in the CuO2 plane below. This result indicates that the thermal properties in YBCO due to 

the specific thermal phenomena that emerged from Ba atoms can be separated from the electronic 

properties determined by the CuO2 plane. It has been reported that the non-equilibrium steady state is 

sustained and the Wiedemann–Franz law could break down when heat and particle flow are decoupled or 

weakly coupled at low temperatures41. The deep softening of the out-of-plane phonons from Ba atoms 

and O atoms of the CuO2 plane due to the B1g and Ag phonon anomalies indicates bond weakening 

between the two that sharply reduces the thermal transport, resulting in the thermal decoupling between 

the Ba atom and CuO2 plane.  

To explore further the thermal decoupling in YBCO, we calculated the kinetic energy from the velocity 

of atoms at each time step of the AIMD simulation and extracted layer-by-layer temperatures from the 

kinetic energy-temperature relation ( 
1

2
𝑚𝑣2 =

3

2
𝑘B𝑇). Because the temperature is extracted theoretically 

and intentionally, we refer to it as the ‘extracted temperature’ (𝑇ext ) to distinguish it from the real 

temperature measured in experiments. Figures 3a, 3b, and 3c show the 𝑇exts of the BaO plane, CuO2 plane, 

Y layer, and CuO chain at the simulation temperatures of 300, 90, and 30 K, respectively. At 300 K, 
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almost all layers have the same 𝑇ext, whereas, at the simulation temperatures of 90 and 30 K, the 𝑇ext of 

the BaO plane is higher than those of the other planes. Our results indicate that the high 𝑇ext of the BaO 

plane is mainly due to the Ba atoms, as shown in Figs. 3e and 3f. This is consistent with our analysis of 

the temperature-dependent phonon dispersion shown in Fig. 2b. 

Application to Unconventional Superconductor Mysteries and Experimental Evidence 

The question is then whether this thermal decoupling can be observed experimentally. It has been reported 

that the surface of YBCO is stabilized mainly with the termination of the BaO plane42. The stability of 

the BaO surface from our AIMD simulation is also discussed in Supplementary Discussion 1. In the 

AIMD simulation, the BaO surface acts as a protective surface layer for YBCO. Therefore, the measured 

temperature in experiments is likely to coincide with the temperature of the BaO surface. As such, we 

attempted to scale the system temperature to the 𝑇ext of the BaO plane to re-analyze the B1g phonon 

anomaly curve shown in Fig. 1a. The B1g phonon anomaly depending on 𝑇ext  of the BaO plane is shown 

in Fig. 4a; notably, the experimental observations exhibited an abrupt drop in the B1g phonon curve near 

the superconducting temperature (⁓90 K). This result suggests that the measured temperature in the 

experiment could be the 𝑇ext of the BaO plane. We also attempted to clarify the relationship between the 

𝑇ext of the surface BaO plane (𝑇BaO) and the 𝑇ext of the conducting CuO2 plane (𝑇CuO2
) from our AIMD 

simulation in Fig. 4b. From the optimally fitted curve for the normal state at 𝑇BaO > 100 K, as shown in 

Fig. 4b, we found that the two temperatures are coupled to 𝑇BaO = 2.08 × 10−3 𝑇CuO2

2.02 + 108.2 . 

Because the fitting equation satisfies essentially the quadratic relation of 𝑇BaO ∝ 𝑇CuO2

2, we refitted their 

relationship quadratically to obtain 𝑇BaO = 2.31 × 10−3 𝑇CuO2

2 + 107.6 . We defined the decoupling 

temperature, 𝑇dec, below which the thermal decoupling occurs between the two planes, as the temperature 

at which the slope of the quadratic fitting curve becomes one, implying that 𝑇BaOand 𝑇CuO2
 approach the 

same value. This value was estimated to be 𝑇dec = 216.3 K from our AIMD simulation results, as shown 
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in Fig. 4b. Here, we demonstrate that this thermal decoupling is the origin of the famous 

phenomenological formula in high-Tc cuprate superconductivity, i.e. the Planckian dissipation6,7: 

ℏ

τ
= α𝑘B𝑇,                                                                                 (2) 

where τ, α, and 𝑇 are the relaxation time, a dimensionless parameter, and the measured temperature, 

respectively, and ℏ  and 𝑘B  are Planck’s and Boltzmann’s constant, respectively. The Planckian 

dissipation expresses the linear-𝑇 resistivity behavior in the strange metal phase of the cuprates. However, 

the origin of the Planckian dissipation has not been understood until now. τ should be determined by the 

conducting CuO2 plane. Since the stable surface of YBCO is the BaO plane, the measured temperature 𝑇 

in experiments can be regarded as 𝑇BaO. By replacing 𝑇 by the quadratic fitting formula in the Planckian 

dissipation (2), we obtained ℏ 𝜏⁄ ∝ 2.31 × 10−3 𝑇CuO2

2
, indicating that the Planckian dissipation can be 

expressed like a Fermi liquid, as a quadratic term of 𝑇CuO2
. Therefore, the general resistivity form of the 

Fermi liquid for the CuO2 plane is given by 

𝜌Fermi = 𝐴
𝑘B𝑇CuO2

2

ℏ𝑇𝐹
 

𝑚∗

𝑛𝑒2
 ,                                                                (3) 

where 𝐴 is a dimensionless parameter from the Fermi liquid; and 𝑇𝐹, 𝑚∗, and 𝑛 are the Fermi temperature,  

the effective mass, and the carrier concentration, respectively. The resistivity will follow 𝜌Fermi above 

𝑇dec, because 𝑇CuO2
 is the same as 𝑇BaO as well as the measured temperature. However, below 𝑇dec, the 

measured temperature is expressed as 𝑇BaO and the resistivity will follow Planckian dissipation: 

𝜌Planckian = 𝛼
𝑘B𝑇BaO 

ℏ
 

𝑚∗

𝑛𝑒2
 .                                                                (4) 

Here, we consider the superconducting critical temperature of the CuO2 plane as 𝑇0. The superconducting 

temperature (𝑇𝑐) for the BaO plane will differ, depending on 𝑇dec, as shown in Supplementary Figs. 3 and 

4. The resistivity and the derivatives of Eqs. (3) and (4) should be the same at 𝑇dec. For the relation, we 
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obtain 𝑇dec = 
𝛼

2𝐴
 𝑇𝐹 ; the superconducting critical temperature, 𝑇𝑐 , is derived from the following (see 

Supplementary Discussion 2 for the detailed derivation): 

𝑇𝑐 =
𝐴

𝛼

𝑇0
2 

𝑇𝐹
 +

𝛼

4𝐴
𝑇𝐹                                                                    (5) 

≈  
𝛼

4𝐴
𝑇𝐹 ,                                                                                    (6) 

where the approximation comes from 𝑇𝐹 ≫ 𝑇0. This result explains the linear relationship between 𝑇𝑐  and 

𝑇𝐹  from the Uemura plot8,9. We compare the linear coefficient to corroborate more clearly the linear 

relation from the Uemura plot. Given that 𝑇dec was calculated to be 216.3 K from our simulation results 

and 𝑇𝐹 is about 2450 K 43 for YBa2Cu3O7, we estimated A = 5.67 with 𝛼 ≈ 1 for almost all cuprates44. 

The coefficient A, which is the parameter from Fermi liquid resistivity in Eq. (3), is generally taken to be 

of an order unity within one power of ten40, indicating that the resistivity of the CuO2 plane is in good 

agreement with that of the general Fermi liquid. From Eq. (6), we found  𝑇𝑐 𝑇𝐹⁄  = 0.044, which is in 

excellent agreement with 𝑇𝑐 𝑇𝐹⁄  = 0.042 for cuprates from the Uemura plot9 (See also Supplementary Fig. 

5). In Supplementary Discussion 3, we describe in more detail the relationship between 𝑇𝑐 and 𝑇𝐹 and 

explain the resulting Uemura plot for overdoped cuprates. In our study, we found that the two 

representative mysteries in unconventional high-𝑇𝑐 superconductivity, specifically, the linear-𝑇 resistivity 

and the Uemura plot, are closely connected and can be explained by the thermal decoupling. 

We also revealed a relationship between the thermal decoupling and the superconducting temperature 

considering the distance between the Ba atom and CuO2 plane. Even though, as mentioned, the Ba atom 

and CuO2 plane are separated from each other electronically and thermally, a reduction in the distance 

between the two induces the thermalization of the CuO2 plane, which affects  𝑇𝑐. The doping concentration 

in high 𝑇𝑐 superconductors is a known key factor in determining 𝑇𝑐. However, their relationship has not 

been clearly resolved. The doping concentration affects the structure of YBCO and is determined by the 

number of oxygen atoms in the YBCO unit cell. As the number of oxygen atoms increases from 𝑥 = 6 to 
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7 in YBa2Cu3Ox, the cell size c along the z-direction becomes shorter. However, it is very intriguing that 

the Ba-CuO2 plane distance becomes longer whereas the cell size c becomes shorter45-47. From our results, 

we can conjecture that the change in distance between the Ba and CuO2 planes affects 𝑇𝑐. Surprisingly, 

Fig. 5a shows that the variation of 𝑇𝑐 is well-matched with the Ba-CuO2 plane distance modulated by the 

doping concentration. Therefore, we need to consider superconducting phenomena from the viewpoint of 

thermal decoupling. In cuprates replaced by Sr instead of Ba, Sr could play the same role as Ba, as it is 

also an alkali earth metal on the neighboring layer of the CuO2 plane in Sr-doped cuprates. In our study 

expanded to other cuprate superconductors containing Ba and Sr, we also found that the distance between 

Ba or Sr and the CuO2 plane is closely related to the enhancement of 𝑇𝑐
48-57. Figure 5b shows the 

relationship between 𝑇𝑐 and the distance between Ba or Sr and the CuO2 plane in various cuprates. Among 

cuprates having a similar composition, 𝑇𝑐 increases with the distance, implying an enhancement in the 

thermal decoupling. Especially, in the case of the Hg-Ba-Ca-Cu-O compound, 𝑇𝑐 is closely related to the 

distance between Ba and the CuO2 plane, regardless of the trend in the composition ratio.  

Discussion 

Here, we can extract 𝑇0  (superconducting temperature of CuO2 plane) for underdoped cuprates 

superconductors where the thermal decoupling is well applied from the least square fitting of experimental 

data for eq. (5) as shown in Supplementary Fig. 6. We found that 𝑇0 is about 14 K which is in excellent 

agreement with the lowest 𝑇𝑐 reported in YBCO 58. This value is within the limit of BCS theory. Therefore, 

we may explain the unconventional high-Tc superconductivity in the framework of BCS theory. From our 

results, heavy elements like Ba play the role of a heat absorber due to the low-frequency phonons from 

those elements in phonon dispersion, which is important to the enhancement of 𝑇𝑐. The high pressure-

induced superconductivity from hydrides is a good example of the combination of heavy and light 

elements. It has been reported that the combination of heavy and light elements could generate many-

body localized states from quantum disentanglement59. Many-body localization is a dynamic phenomenon 

occurring in isolated many-body quantum systems that are characterized by non-equilibrium states. The 
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decoupling between the thermal property and electron transport and the resulting thermal decoupling in 

cuprates can be treated as non-equilibrium thermodynamic states embodying the phase transition from 

volume law entanglement to area law entanglement at low temperature 60. It may also be related to 

Bekenstein and Hawking’s black hole physics regarding the area law of entropy on the black hole 

horizon61,62. It would be interesting to study the relationship between this thermal decoupling and many-

body localization. Thermal decoupling may tell us of the necessity of modifying the measured temperature. 

In the experiment, careful speculation is also needed, as the temperature coinciding with important 

physical properties can be different from the measured temperature. Above all, the most important result 

from our study is that a low-temperature layer relative to the surface layer can be generated spontaneously 

in solids, despite the lesser effort required for cryogenics. This may provide a unique means of solving 

frequently confronted thermal problems associated with quantum devices, quantum computing, and 

information transfer. 

 

Methods 

Ab initio molecular dynamics (AIMD) simulation and the temperature-dependent effective potential 

(TDEP) method 

We performed AIMD simulations using the Vienna ab initio simulation package (VASP) code63,64 with a 

Nosé–Hoover thermostat65,66 controlling the temperature. Plane-wave pseudopotential calculations using 

ultrasoft pseudopotentials67 were carried out within the framework of the generalized gradient 

approximation of the Perdew–Burke–Ernzerhof  functional68. The energy cut-off for the plane-wave basis 

was set to 400 eV. The DFT-D3 scheme proposed by Grimme et al.69 was used to approximate the long-

range dispersion forces. In this simulation, we adopted a 4×4×1 bulk supercell and one Γ point for k-point 

sampling in the Brillouin zone. All AIMD simulations were performed with a time step of 1 fs within the 

NVT ensemble. After we first performed an AIMD simulation at 300 K for over 60 ps, we continued 

AIMD simulations at each temperature for 60 ps by decreasing the temperature by 10 K for 5 ps from 300 
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to 20 K. To obtain the phonon properties of YBCO, the effective force constant matrices were calculated 

using the TDEP code34,35 with atomic displacements and forces from the AIMD at finite temperatures; 

this process was carried out by least-squares fitting of AIMD displacements and forces to the crystal 

model Hamiltonian. We rigorously tested the convergence of the phonon properties of YBCO in the TDEP 

calculations. 

In the simulation, we adopted the orthorhombic structure of YBa2Cu3O7 (15.308 Å ×15.652 Å ×11.738 Å ) 

that was extended by 0.08 Å  along the c-axis compared to the ab initio optimized structure. In the 

simulation, we found that the phonon frequency of the ab initio optimized structure was overestimated, 

which is related to a general tendency to overestimate the bulk modulus in ab initio calculations. Therefore, 

we performed TDEP calculations from AIMD results on the structure, in which the lattice constant was 

extended along the c-axis; the results were in good agreement with the experimental results of the B1g 

phonon frequency, as shown in Fig. 1a. To check the robustness of our results, we also performed AIMD 

simulations and TDEP calculations for the ab initio optimized structure, and obtained similar phonon 

anomalies to those of Fig. 1 and layer-by-layer thermal decoupling (Supplementary Fig. 7). 
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Figures captions 

Fig. 1: Phonon anomaly of the B1g and Ag phonon modes. 

 

a, B1g phonon frequency dependence on temperature. b, Ag phonon frequency dependence on temperature 

(left), and their corresponding phonon modes visualized with the orange arrows in the real-space lattice 

(right). 
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Fig. 2: Thermal decoupling from phonon dispersion and charge density analysis. 

 

 

a, Phonon dispersions at 300, 90, and 30 K were calculated from the temperature-dependent effective 

potential. The colored backgrounds show the temperature-dependent part of internal energy (TDPIE) 

depending on the phonon frequency. The grayscale lines overlaying the phonon dispersion curves indicate 

the Ba contribution to each phonon mode evaluated by analyzing the phonon edge states. b, Contribution 

of each type of atom to TDPIE. The contribution of Ba increases as the temperature decreases. c, Charge 

density plot with the isosurface charge (0.047 electrons/a0
3) exhibiting the electronic isolation of Ba atoms. 
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Fig. 3: Thermal decoupling of YBCO at low temperatures from ab initio molecular 

dynamics simulation. 

 

 

a-c, Layer-by-layer extracted temperatures (𝑇ext) at the system temperatures of 300, 90, and 30 K. d-f, 

Magnified view of 𝑇ext of the Ba and O atoms in the BaO layer in the yellow, green, and violet regions in 

a, b, and c, respectively. 
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Fig. 4: BaO-plane temperature dependence of the B1g phonon and the relationship between 

the temperatures of the CuO2 and BaO planes. 

 

a, B1g phonon frequency as a function of the extracted temperature of the BaO plane (𝑇BaO). It shows the 

shift in temperature compared to Fig. 1a. b, The relationship between the extracted temperature of the 

CuO2 plane (𝑇CuO2
) and the extracted temperature of the BaO plane (𝑇BaO). The fitting curves (thick yellow 

and dashed green lines) show the quadratic relation between 𝑇BaO and  𝑇CuO2
. The arrow and the number 

indicate the decoupling temperature (𝑇dec) between the BaO and the CuO2 planes.  
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Fig. 5: Relationship between 𝑻𝒄 and the Ba/Sr-CuO2 plane distance in cuprates. 

 

a, Distance between the Ba atom and the CuO2 plane on the doping concentration of YBCO is well 

matched with 𝑇𝑐 . Data for the distance between the Ba atom and CuO2 plane extracted from three 

experimental measurements were marked with yellow squares45, red circles46, and blue triangles47, 

respectively. b, The distance between the Ba or Sr atom and CuO2 plane in various cuprate 

superconductors is matched with 𝑇𝑐. 48-57 
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