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Abstract 

 

By employing Raman scattering and X-ray diffraction techniques on 

antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ within the same pressure conditions, we 

tracked the evolution of the two-magnon spectrum and structural parameters under 

pressures up to nearly 30 GPa. Consequently, we established the relationship between 

pressure, the in-plane lattice parameter d, and superexchange interaction J as 𝐽 ∼

𝑑−(6.6±0.2). Within the examined pressure range, this compound did not exhibit 

superconductivity, as determined by a sensitive magnetic measurement technique. 

Additionally, we observed phonon anomalies suggesting possible disorder effects in 

Bi-O layers and reduced charge transfer from these layers, particularly above 10 GPa. 

We discuss the impacts of pressure and chemical doping on J and the structure, along 

with their implications for superconductivity.  

 

 

 

 

 

 

 

 



I. Introduction 

Since the discovery of high-temperature superconductivity in cuprates1,2, extensive 

experimental and theoretical research has yielded many important findings. However, 

achieving a comprehensive theoretical understanding of superconductivity in cuprates 

is still challenging. The resonating valence bond3,4 and spin-fluctuation mediated 

scenarios5,6 stand out as the most promising theoretical approaches to describe 

superconductivity in cuprates. In these spin-related theories, the Cu-O-Cu 

superexchange interaction, denoted by J, is considered the cause of electron pairing. 

In the spin-fluctuation mediated scenario, electron pairing occurs through the 

exchange of magnetic spin fluctuations, also governed by J6. The value of J can be 

conveniently determined from the two-magnon spectrum using Raman scattering 

spectroscopy7. Following the discovery of superconductivity in these two families, the 

quantitative determination of J for antiferromagnetic La2CuO4
8-10 and YBa2Cu3O6

11 

has been achieved using Raman scattering spectroscopy. Extensive experiments have 

further revealed that J changes with doping in a manner similar to the pseudogap and 

pair peak across almost all cuprate superconductors9,11-15. These similarities suggest 

that high-energy magnetic fluctuations are likely involved in the formation of both the 

pseudogap and Cooper pairing. Coherent charge fluctuation spectroscopy16 suggests 

this evolution from high-energy excitations to superconducting quasiparticles. 

Theoretical models have successfully reproduced the transition from the two-magnon 

peak to a quasiparticle response as doping increases17. Interestingly, reports indicate 

an approximate linear relationship between J and the maximum critical temperature Tc 

in many optimally doped cuprates18. These findings underscore the significance of J 

and its connection to superconductivity in cuprates. Emphasizing the importance of 

this parameter in understanding superconductivity necessitates a quantitative 

relationship between the lattice parameter and J. However, obtaining such information 

from existing experiments across various superconducting families is rare and 

challenging8-15,18,19. 

 

Applying pressure has been proven to provide a clean and effective tool to tune the 

structural, magnetic, and superconducting properties20. At high pressures, Raman 

spectra can be collected for various materials, including cuprates21. Using Raman 

spectroscopy, the two-magnon spectra under high pressure of parent compounds from 

two key cuprate families have been obtained22-25. High-pressure behaviors of J have 

been established for La2CuO4
22, Eu2CuO4

23,25, Sr2CuCl2O2
24, and YBa2Cu3O6.2

25. The 

complex theoretical expression for J is traditionally simplified to a power law, 𝐽 ∼

𝑑−𝑛, where d represents the in-plane Cu-O-Cu bond length and n is an empirically 

determined constant. Establishing the precise relationship between d and J requires 

determining the material's structural evolution under consistent conditions of 

composition, temperature, and pressure. The literature provides estimated 

relationships, such as 𝐽 ∼ 𝑑−(6.4±0.8)22 for La2CuO4, 𝐽 ∼ 𝑑−(3.0±0.5)25 for Eu2CuO4 

and YBa2Cu3O6.2, based on structural information. The empirical constant n closely 

aligns with the value found in 𝐽 ∼ 𝑑−(4±2) for M2CuO4 (M=Pr, Nd, Sm, Eu, and 



Gd)19. Experiments using neon as a pressure medium on the insulating compound 

Bi1.98Sr2.06Y0.68CaCu2O8+δ resulted in 𝐽 ∼ 𝑑−10.3326. It is unclear if the large n value 

stems from lattice distortion or internal pressure due to Y substituting for Ca in the 

system27. To date, an accurate relationship for an antiferromagnetic parent cuprate, 

based on simultaneous spectroscopy and diffraction measurements under the same 

pressure conditions, has not yet been established. This is obviously an urgent subject 

in order to elucidate the spin-related pairing mechanism for superconductivity in 

high-Tc cuprates.  

 

This work is designed to solve the above-mentioned problem with the help of 

high-quality single crystals of Bi2Sr2CaCu2O8+δ (Bi-2212). The composition choice of 

the samples hopes to eliminate the possible external effect resulting from the 

elemental substitution and draw the information solely due to the application of 

pressure. After characterizing the antiferromagnetic feature of the chosen single 

crystal Bi2.1Sr1.9CaCu2O8+δ, we perform high-pressure measurements of Raman 

scattering and X-ray diffraction (XRD) to obtain the spectroscopic and structural 

properties at high pressures. The evolution of the two-magnon spectrum with pressure 

for Bi2.1Sr1.9CaCu2O8+δ is obtained after the comparison of the spectroscopic character 

of a nearly optimally doped Bi2.1Sr1.9CaCu2O8+δ loaded together in the sample 

chamber near antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ. The pressure (or lattice 

parameter) dependence of J is determined for antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ. 

Within the studied pressure regime and same pressure environment, the idea of 

pressure-induced superconductivity in antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ is 

experimentally examined based on a highly sensitive magnetic detection technique. 

We also discuss the possible factors controlling superconductivity from the 

comparisons of the present and available experiments. 

 

This study aims to address the identified issue using high-quality Bi2Sr2CaCu2O8+δ 

(Bi-2212) single crystals. We selected the sample composition to negate potential 

external effects from elemental substitution, focusing exclusively on pressure-induced 

changes. Following the characterization of the antiferromagnetic properties of 

Bi2.1Sr1.9CaCu2O8+δ, we conducted high-pressure Raman scattering and X-ray 

diffraction (XRD) measurements to explore its spectroscopic and structural properties 

under pressure. We determined the evolution of the two-magnon spectrum under 

pressure for Bi2.1Sr1.9CaCu2O8+δ by comparing it with the spectroscopic characteristics 

of a nearly optimally doped sample placed in proximity within the same chamber. We 

established the pressure (or lattice parameter) dependence of J for antiferromagnetic 

Bi2.1Sr1.9CaCu2O8+δ. We experimentally investigated pressure-induced 

superconductivity in antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ within the designated 

pressure regime using a highly sensitive magnetic detection technique. We also 

discuss the possible factors controlling superconductivity from the comparisons of the 

present and available experiments. 

 



 

II. Experimental details 

The single crystals of Bi-2212 grown using a floating zone technique were detailed 

previously28. Because of the Bi-Sr mixing in the Sr2O2 layers, the as-grown crystal 

composition is Bi2.1Sr1.9CaCu2O8+δ. The extra oxygen atoms were removed by 

annealing in vacuum carried out in sealed quartz tubes. In order to achieve the lowest 

possible oxygen doping level, non-superconducting Bi2.1Sr1.9CaCu2O8+δ crystal with 

Tc=0 K used in this work was annealed at the vacuum of 10−3 torr at 500 ℃for 30 

days. However, we do not know what the exact oxygen content is in the crystal.  

 

Magnetization measurements were used to characterize the magnetic feature and 

superconducting transition of the synthesized samples by combining a 

superconducting quantum interference device magnetometer (Quantum Design 

MPMS3) and an in-house highly sensitive magnetic detection instrument. The latter 

was developed for detecting superconductivity for the sample with small dimensions 

in diamond anvil cell (DAC) at high pressures20,29,30. This technique is based on the 

suppression of the Meissner effect and quenching of superconductivity in the sample 

by an external magnetic field. The magnetic field applied to the sample inserted in the 

DAC mainly affects the signal coming from the sample. If the sample is 

superconducting, its transition temperature can be identified at the point where the 

signal goes to zero due to the disappearance of the Meissner effect. This highly 

sensitive technique has been used to discover superconductivity in compressed 

sulfur31 and lithium32 and study the pressure effect on Tc in conventional 

superconductor NbN33 and various cuprates including YBa2Cu3O7−δ
34, 

Bi2Sr2Can−1CunO2n+4+δ (n=2,3)30,35, Tl2Ba2CaCu2O8+δ
36, and HgBa2CuO4+δ

37. 

 

In the current study, we loaded nearly optimally doped Bi2.1Sr1.9CaCu2O8+δ crystal 

as a reference and an antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ crystal separately into a 

DAC. The crystal was cut in the dimensions of approximately 100×100×20 µm3. It 

was loaded with a ruby chip together into a sample chamber in a gasket made by 

non-magnetic Ni-Cr alloy. The gasket is pressed in between two diamond anvils with 

diameter of 300 µm in a DAC made by nonmagnetic Be-Cu alloy. The layout of such 

instruments and designs were given in detail previously20,29,30. The DAC was then 

mounted in a low-temperature cryostat with accessible optical windows, 

manufactured from Cryo Industries of America, lnc. The pressure can be mechanically 

tuned at demanded pressure and temperature. In such a design, Raman spectrum of 

the sample in DAC can be collected at the desired temperature and pressure. The 

temperature was monitored from the silicon diode sensor attached to the DAC in close 

proximity to the sample with a typical precision of ±0.5 K. The pressure level was 

gauged based the shift of the R1 fluorescence line of ruby38 with the correction of 

temperature effect. For high-pressure magnetic susceptibility measurements, we 

changed and measured pressure at temperature of about 120 K. Below this 

temperature, the pressure can maintain a nearly constant value at low temperatures for 



the DAC and gasket in such an instrument. 

 

To have the consistency of the spectroscopy and structure data for the comparison, 

we conducted the measurements of high-pressure Raman scattering (including both 

two-magnon and phonon Raman experiments) and XRD measurements on 

Bi2.1Sr1.9CaCu2O8+δ at room temperature. In fact, the spectroscopic signature of the 

two-magnon scattering for our studied Bi2.1Sr1.9CaCu2O8+δ is not strong. For 

comparison, we loaded this crystal together with a nearly optimally doped crystal 

nearby into a sample chamber (about 120 µm in diameter and 30 µm in thickness) of a 

DAC with a pair of diamond anvils in diameter of 300 µm. Both crystals were freshly 

cleaved with shining surfaces. A chip of ruby was put near the edge of the chamber 

filled with neon as the pressure medium. The Raman scattering signal was created by 

the Coherent sapphire laser device with 488 nm wavelength to illuminate an 

approximate 5×5 µm2 spot on the crystal surface. The collected Raman signals are all 

illuminated at the same position on each sample at different pressures. The low 2 mW 

power of the laser was chosen in order to avoid the over-heating of the sample. 

Raman spectra were collected in the back-scattering geometry using low-resolution 

(broad spectral range) 300 g/mm grating. For each pressure of interest, we collected 

the Raman spectra of the two crystals one by one by keeping the same measurement 

conditions such as collecting time and laser grating. The Raman spectrum of the 

nearly optimally doped Bi2.1Sr1.9CaCu2O8+δ at each studied pressure exhibits a nearly 

flat background in the two-magnon scattering wavenumber range. The weak 

two-magnon scattering spectrum of antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ at the same 

pressure can be picked up and enlarged by subtracting the nearly flat background from 

the nearly optimally doped Bi2.1Sr1.9CaCu2O8+δ. In a separate high-pressure 

experiment, we measured evolution of the phonon part of the Raman spectra of the 

antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ sample to 31.5 GPa using high-resolution 1200 

g/mm grating. 

 

Synchrotron XRD experiments were conducted at the 16BM-D beamline of the 

High Pressure Collaborative Access Team (HPCAT) at the Advanced Photon Source 

(APS) of Argonne National Laboratory, with an incident X-ray wavelength of 

0.424603 Å. The antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ crystal was finely ground into 

powders to obtain good diffraction data. The powders were pressed into a small piece. 

It was then loaded into a symmetric DAC with anvils in diameter of 300 µm together 

with a small ruby chip to monitor the pressure. Neon was used as the 

pressure-transmitting medium. The diffraction patterns were collected at room 

temperature at pressures up to 34 GPa. The two-dimensional patterns were integrated 

into 2θ vs. intensity data using Fit2D software39. The diffraction patterns were 

analyzed using the Le Bail method in terms of the GSAS-II package40. 

 

It should be mentioned that in all these measurements, the samples were kept in the 

neon environment. The experimental data for antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ 



were collected and analyzed on the same single crystal. These considerations are 

expected to provide the consistent and reliable data of the studied system. 

 

III. Results and discussion 

A. Sample characterization 

The characterization of the quantum ground state of antiferromagnetic 

Bi2.1Sr1.9CaCu2O8+δ is given from the magnetization measurements (Fig. 1). There is 

an antiferromagnetic-paramagnetic transition at the Néel temperature (TN) of 90 K, 

indicated by the kink in the temperature dependence of the magnetic moment in a 

magnetic field directed along the c axis. No evidence for supporting superconductivity 

is provided from the magnetic susceptibility data down to 2 K. The kink for the 

antiferromagnetic transition in studied antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ is 

similar to those found in other antiferromagnetic cuprates such as 

Bi2Sr2Ca1−xYxCu2O8+δ
41, La2CuO4+δ

42 and Bi2SrLaCuOy
43. No magnetic phase 

transition has ever been reported for Bi-221243. The TN value obtained for the studied 

antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ compound is 20 K higher than those in the 

Bi2Sr2Ca1−xYxCu2O8+δ system41. This result confirms the strong antiferromagnetic 

properties of our sample. The relatively high TN also correlates with the minimal 

excess oxygen content. Consequently, we possess a Bi2.1Sr1.9CaCu2O8+δ sample with 

typical composition and antiferromagnetic properties for future research. 

 

FIG. 1. Temperature dependence of the magnetic susceptibility of antiferromagnetic 

Bi2.1Sr1.9CaCu2O8+δ measured with a magnetic field of 1 kOe at ambient pressure. 

 

 

B. Two-magnon scattering at high pressures  

Antiferromagnetism stands out as a key physical characteristic of parent cuprates. 

Classical spin-waves resemble acoustics, rendering magnon (single-spin flip) 

excitations nearly undetectable in inelastic light scattering. However, two adjacent 

spins on Cu sites, linked by oxygen ions, can simultaneously reverse their directions. 

This process adheres to the selection rules for the two-magnon process allowed in 

Raman scattering. Raman scattering can directly probe the double spin-flop 



excitations (two-magnon) in CuO2 layers. Since reversing two adjacent spins 

simultaneously consumes energy equivalent to six nearest superexchange coupling 

constants, the two-magnon peak is expected to manifest at around 3J in energy. 

Owing to magnon-magnon interactions, the ratio deviates slightly from 3, settling at 

2.7 as per the two-dimensional Heisenberg model44.  

 

 

 

FIG. 2. Two-magnon Raman scattering spectra for antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ under 

pressure. (a) Raman spectra of the antiferromagnetic (black curve) and nearly optimally doped 

(red curve) Bi2.1Sr1.9CaCu2O8+δ at pressure of 3.6 GPa. The blue curve corresponds to the 

spectrum subtraction from the signal of the antiferromagnetic sample to that of the nearly 

optimally doped one. Inset: Photograph of two crystals in neon environment with a ruby chip. (b) 

Subtracted two-magnon scattering spectra of antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ at 

representative pressures in the compression run. 

 

 

For a parent cuprate, previous Raman scattering studies detected the two-magnon 

peak around 3000 cm−1 at ambient pressure, corresponding to a J of ∼1000 cm−1 

(about 125 meV)8-11. This spectrum range just overlaps with the two-phonon Raman 

peak of the diamond (around 2500 cm−1). Therefore, the collection of the two-magnon 

spectrum is a challenge by using diamond anvils. This is probably a reason why the 



high-pressure behaviors of the two-magnon Raman scattering for many parent 

cuprates have not been reached yet. To solve this critical problem, we loaded the 

antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ crystal together with a nearly optimally doped 

Bi2.1Sr1.9CaCu2O8+δ into a DAC (Inset of Fig. 2(a)). By performing the measurements 

at the same conditions, we obtained the Raman spectra of them. As an example, the 

Raman spectra at 3.6 GPa are shown in Fig. 2(a). With the assumption of the same 

active Raman feature from the used diamond anvils or medium for the studied two 

crystals at the measured pressure, the strong two-magnon scattering spectrum can be 

derived by subtracting the collected spectrum from that of nearly optimally doped 

Bi2.1Sr1.9CaCu2O8+δ. This procedure turned out to be very successful. As can be seen, 

the two-magnon frequency of antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ at ambient 

pressure is well situated in the trend of Bi-2212 with the different dopants12,13. The 

positions of the phonon modes at the low wavenumbers are also consistent with those 

reported from Raman measurements45,46. 

 

Previous Raman scattering research on parent cuprates identified the two-magnon 

peak near 3000 cm−1 under ambient pressure, equating to a J value of approximately 

1000 cm−1 (around 125 meV). This spectral range coincides with the two-phonon 

Raman peak of diamond, which is around 2500 cm−1. Consequently, collecting the 

two-magnon spectrum using diamond anvils presents a significant challenge. This 

likely explains why the high-pressure behaviors of two-magnon Raman scattering in 

many parent cuprates remain unexplored. To address this issue, we placed both an 

antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ crystal and a nearly optimally doped 

Bi2.1Sr1.9CaCu2O8+δ into a DAC, as shown in the inset of Fig. 2(a). Conducting 

measurements under identical conditions, we acquired their Raman spectra. For 

instance, Fig. 2(a) displays the Raman spectra at 3.6 GPa. Assuming identical Raman 

features from the diamond anvils or pressure medium for both crystals at the tested 

pressure, the distinct two-magnon scattering spectrum was isolated by subtracting the 

nearly optimally doped Bi2.1Sr1.9CaCu2O8+δ spectrum from the collected one. This 

method proved to be highly successful. Additionally, the phonon mode positions at 

low wavenumbers match those reported in previous Raman studies. Figure 2(b) 

presents the two-magnon Raman scattering spectra for antiferromagnetic 

Bi2.1Sr1.9CaCu2O8+δ under pressures up to 33.1 GPa. The two-magnon scattering 

signal was captured throughout both compression and decompression runs. With 

increasing pressure, the two-magnon peak broadens, shifts to higher wavenumbers (or 

energies), and diminishes in intensity. Such behaviors align with earlier findings for 

La2CuO4 up to 10 GPa22, Eu2CuO4 up to 41 GPa25, YBa2Cu3O6.2 up to 43 GPa25, and 

Bi1.98Sr2.06Y0.68CaCu2O8+δ up to 32 GPa26.  

 

Figure 3 depicts the evolution of the two-magnon frequency (ω2M) with pressure 

for antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ. ω2M continuously rises from approximately 

3000cm−1 to 3550 cm−1 with increasing pressure, a trend also observed in La2CuO4
22, 

Sr2CuCl2O2
24, and Bi1.98Sr2.06Y0.68CaCu2O8+δ

26. It's noteworthy that early studies 



observed a nearly linear change of ω2M with pressure in Eu2CuO4
25 and 

YBa2Cu3O6.2
25. The increase of ω2M in antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ up to 33 

GPa closely mirrors that of La2CuO4
22 within 10 GPa. In contrast, 

Bi1.98Sr2.06Y0.68CaCu2O8+δ
26 shows a significant increase of ω2M from a similar 

starting point to over 4000 cm−1, within a comparable pressure range to this study. 

Across all these cuprate measurements, an increase in ω2M with lattice compression is 

a common occurrence. This trend can be seen as a characteristic feature of ω2M for 

cuprates under high pressure.  

 

 

FIG. 3. Pressure dependence of the two-magnon frequency in antiferromagnetic 

Bi2.1Sr1.9CaCu2O8+δ in the compression and decompression run. The dished curve is the 

polynomial fitting to the data points for the guide to the eyes. 

 

Superconductivity in cuprates develops through the suppression of 

antiferromagnetic order with doping. Earlier publications have generally suggested 

that applying pressure affects superconductivity similarly to chemical doping in these 

compounds (see Ref. 35 and references therein). Recent findings, however, indicate a 

pressure-induced transition to an insulating state in Bi-2212 superconductors47, 

casting doubt on the continuous pressure-driven charge (holes) transfer into Cu-O 

planes in cuprates. Hall effect studies up to 18 GPa support this charge-transfer model, 

showing a reduction in the Hall coefficient RH. However, RH remains nearly constant 

and even slightly increases above 18 GPa. The non-monotonic behavior of RH has 

been interpreted as resulting from a quantum phase transition of unknown origin47. 

Notably, the behavior of the two-magnon peak with doping contrasts with its response 

to pressure. Upon doping, the two-magnon Raman peak broadens and shifts to a lower 

wavenumber9,11-15,48,49. 

 

Recent resonant X-ray scattering (RIXS) experiments suggest that J remains 

constant with doping, in contrast to earlier Raman scattering studies which 

demonstrate a suppression of the two-magnon peak energy due to doping. RIXS 

measurements indicate that J is an intrinsic property of the compound system, 



showing minimal sensitivity to doping levels (see discussion and Ref. 18). The 

theoretical study17 shows that even when J (specifically, parameters t and U) is held 

constant, the two-magnon peak energy still varies with doping. Therefore, this 

approach suggests that the two-magnon peak reflects an effective J (Jeff), reduced by 

the presence of charge carriers in CuO2 planes. The two-magnon "edge" shows 

minimal dependence on doping15, yet the peak position of the two-magnon 

response—a common indicator of superexchange interaction—exhibits noticeable 

softening with doping. Although RIXS results hint at single-magnon-like excitations 

being less affected by doping, a comprehensive analysis of RIXS's doping dependence 

in cuprate systems has yet to be conducted. The potential discrepancy between the 

doping effects on single-magnon-like excitations in RIXS and two-magnon 

excitations in Raman warrants further experimental and theoretical investigation. The 

maximum Tc in a family of cuprates may be indeed proportional to bare J, as RIXS 

results suggest18, but Tc at a specific doping level likely depends on Jeff, influenced by 

charge fluctuations in the material. Using bare J as the metric for Tc fails to account 

for the reduced Tc in heavily overdoped materials. For clarity in future discussions, we 

will use the notation J to denote the superexchange parameter derived from the 

two-magnon Raman peak.  

 

C. Structural evolution with pressure 

To explore how the two-magnon peak energy ω2M (thus J) change with lattice 

parameters, we performed synchrotron XRD measurements on the antiferromagnetic 

compound Bi2.1Sr1.9CaCu2O8+δ under pressures up to 34 GPa. Figure 4(a) depicts the 

schematic crystal structure of this material, which belongs to the Amaa50 space group. 

This structure features two equivalent perovskite sub-cells aligned diagonally in the 

a-b plane and bonded by Van der Waals forces. Each sub-cell comprises two 

insulating BiO layers and two SrO layers. Within each sub-cell, a Ca layer separates 

two structurally identical CuO2 layers. The layers are stacked in a 

BiO-SrO-CuO2-Ca-CuO2-SrO-BiO sequence.  

 



 

 

FIG. 4. Structural properties of antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ at high pressures. (a) The 

schematic orthorhombic structure with the space group of Amaa. (b) The integrated X-ray 

diffraction data at representative pressures. (c) The observed XRD patterns (circles), Le Bail 

fitting (red line), and their difference (blue line) between the observed and calculated profiles at 

pressure of 1.3 GPa. The vertical bars refer to the peak positions. (d) The lattice parameters along 

the a, b, and c axis as a function of pressure. (e) Pressure dependence of the unit-cell volume V/Z. 

 

Fig. 4(b) presents the powder XRD results for antiferromagnetic 

Bi2.1Sr1.9CaCu2O8+δ under high pressures at room temperature. Upon applying 

pressure, all diffraction peaks shift to higher angles, indicating lattice contraction. No 

new diffraction peaks emerged. Additionally, no peak merging or splitting was 

observed. These findings suggest the absence of structural transformations under 

pressure. The compound retains its structure within the studied pressure range, 

aligning with earlier high-pressure structural investigations of this system51,52.  

 

Refining the crystal structure of Bi-2212 presents significant challenges. We 

contend that Le Bail fitting to the average structure model can accurately determine 

the lattice parameters. Figure 4(c) shows the powder XRD data and Le Bail fitting for 

antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ at a pressure of 1.3 GPa, based on the structure 

model in Fig. 4(a). The fitting yields reasonable factors, with Rω = 2.1% and χ2 = 7.2. 

Similar fittings of the collected diffraction patterns yield lattice parameters of 

comparable quality up to 34 GPa. These results suggest that antiferromagnetic 

Bi2.1Sr1.9CaCu2O8+δ retains an orthorhombic structure throughout the studied pressure 

range. Figure 4(d) illustrates the pressure dependence of lattice parameters along the a, 

https://baike.baidu.com/item/%E5%B8%8C%E8%85%8A%E5%AD%97%E6%AF%8D/4428067#3-25


b, and c axis. Figure 4(e) presents the corresponding unit-cell volume V, with Z=4 

representing the number of chemical formulas per unit cell. With increasing pressure, 

both the lattice parameters and cell volume gradually decrease. The curve in Fig. 4(e) 

shows the pressure-volume data fitted using the third-order Birch-Murnaghan 

equation of state (EOS) 53. The fitting results in a bulk modulus at zero pressure (B0) 

of 119.1±4.7 GPa, an initial unit cell volume per chemical formula (V0/Z) of 

222.8±0.2 Å3, and a first pressure derivative of the bulk modulus at zero pressure (B′
0) 

of 9.8±0.5 for antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ. The obtained B0 value exceeds 

that reported for underdoped Bi-2212 (B0=114.9±6.4 GPa52) and is significantly 

higher than values reported for Bi-based cuprates (73 GPa54, 62.5 GPa51, and 68.6 

GPa55). The significant variation in B0 values can be attributed to differences in 

sample composition and experimental conditions.  

 

Among all discovered cuprate superconductors, bilayer Bi-2212 is the most 

extensively studied system, featuring a complete phase diagram56,57 across the entire 

doping range from slightly underdoped to heavily overdoped regions. Interestingly, 

the structural properties of this system, in relation to oxygen content across the entire 

doping range, remain underexplored. To date, a systematic analysis of the lattice 

parameter(s) evolution with doping for Bi-2212 across a wide doping range is 

lacking58,59, likely due to the complexity of structure determination60-63. Annealing 

as-grown samples under increasing partial oxygen pressure results in higher oxygen 

content. Under these conditions, it was reported that Tc decreases with oxygen 

pressure, paralleling the reduction of the c-axis lattice constant58. This observation 

suggests that the c-axis lattice parameter decreases in the overdoped regime. 

Conversely, a similar decrease in the c-axis lattice parameter was observed with 

oxygen loss in single-phase Bi-221259. Despite the exact c values not matching across 

different as-grown samples, both sets of experiments indicate a consistent decrease in 

the c-axis lattice parameter with carrier concentration58,59. No clear trends were 

observed for the lattice parameters along the a and b axes in these experiments58,59. 

 

D. Relation between the in-plane superexchange interaction J and the lattice 

parameter 

After establishing the pressure dependence of ω2M and the equation of state for 

antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ, we can derive the lattice parameter 

dependence of ω2M by converting pressure values into lattice parameters. This 

dependence, for the in-plane superexchange interaction J, can be directly calculated 

using the formula 𝜔2M  =  2.7𝐽44. In layered cuprates, the in-plane superexchange 

interaction J shows insensitivity to out-of-plane coupling. Thus, only the parameters 

within the CuO2 plane are considered. A slight difference exists between the lattice 

parameters along the a and b axes in antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ. Defining 

the average lattice constant in the a-b plane as 𝑑 = √𝑎𝑏 is reasonable. The d value, 

corresponding to a given pressure for ω2M (or J), is derived from the equation of state, 

using the formula 𝑉/𝑍 = 𝑑2𝑐/4. 



 

FIG. 5. The double logarithmic plot of in-plane J versus the average in-plane lattice parameter d. 

The dashed curve is the fitting to the data points. 

 

To ascertain the exponent n in 𝐽 ∼ 𝑑−𝑛 for antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ, 

we plotted lnJ as a function of lnd in Fig. 5. Within 6 GPa, a linear relationship 

between lnJ and lnd was observed. By conducting a linear fit of the lnJ - lnd data 

within this pressure range, we derived the relationship 𝐽 ∼ 𝑑−(6.6±0.2). At pressures 

greater than 6 GPa, the relationship between ln J and lnd gradually deviates from 

linear, with the deviation increasing as pressure rises. This suggests that the exponent 

n decreases with increasing pressure, indicating a reduced sensitivity of J to d at 

higher pressures, as also observed in La2CuO4
22. The observed behavior may be 

attributed to the sensitivity of the superexchange interaction to the angle in the 

Cu-O-Cu superexchange path64, especially if the buckling of the CuO2 layers 

significantly increases above 10 GPa. The possible reasons for this behavior will be 

discussed in the following section. 

 

Compared to other cuprates, the lattice parameter dependence of J in 

antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ aligns closely with that of La2CuO4 (𝐽 ∼

𝑑−(6.4±0.8)) 22, Eu2CuO4 and YBa2Cu3O6.2 (𝐽 ∼ 𝑑−(3.0±0.5)) 25, as well as M2CuO4 (M 

= Pr, Nd, Sm, Eu and Gd) (𝐽 ∼ 𝑑−(4±2)) 19, but significantly deviates from 

Bi1.98Sr2.06Y0.68CaCu2O8+δ (𝐽 ∼ 𝑑−10.33) 26. Given that this relationship is established 

through simultaneous Raman and XRD measurements on the same characterized 

crystal under nearly identical experimental conditions, it is hoped to illuminate key 

aspects for the establishment and understanding of the superconductivity mechanism 

in high- Tc cuprates.  

 

E. Phonon anomaly in the 10-15 GPa range - possible pressure-induced 

disorder? 

Figure 6 illustrates the evolution of phonon Raman spectra with increasing pressure. 

Panel (a) of Figure 6 provides a convenient overview of the spectra measured, plotted 

as a function of wavenumber and pressure, using false color. Above approximately 10 



GPa, the low-frequency portion of the spectra develops a broad, featureless band. 

Within this band, the low-frequency A1g mode—associated with the combined 

vibrations of Sr and Bi atoms—merges and becomes undetectable. Panel (b) of Figure 

6 compares the Raman spectrum at 1 atm with that obtained at a high pressure of 31.5 

GPa. The clearly visible broad band at low frequencies is tentatively attributed to 

pressure-induced disorder in layers containing heavy atoms. Remarkably, the A1g 

mode, indicative of the combined vibrations of Cu and Sr atoms, remains detectable 

even at the maximum pressure tested (31.5 GPa). Consequently, the observed disorder 

effects are primarily attributed to the layers containing Bi (charge reservoirs). Another 

significant observation is the softening of the O3 oxygen (Bi-O layer) A1g vibrational 

mode up to approximately 10 GPa. This mode is associated with the oxygen ion in the 

ionic-like insulating layer, with its frequency determined by the effective charge and 

the ionic bonding strength. At high pressures, a decrease in interatomic distances is 

expected, leading to the mode's softening, which can be attributed to a reduction in 

effective charge. Therefore, our findings lend support to the charge transfer model up 

to at least 10 GPa in the insulating Bi-2212 sample. However, above 10 GPa, this 

mode resumes its typical behavior of increasing with pressure, indicating that any 

remaining charge transfer is significantly less pronounced than at pressures below 10 

GPa. The absence of clear signatures of disorder effects in our structural data suggests 

that any disorder is subtle, maintaining the orthorhombic symmetry of the unit cell.  

 

FIG. 6. (a) The pressure dependence of the phonon frequencies in antiferromagnetic 

Bi2.1Sr1.9CaCu2O8+δin the compression runs at various pressures. The phonon intensity is shown as 

a false color to visualize phonons in frequency-pressure variables 2d plane. (b) The comparison of 

the Raman spectra at 1 atm and at 31.5 GPa. The low-frequency range comparison shows clearly 

the disappearance of the Bi-Sr mode and broad ”density of states”-like response. (c)-(f) The 

pressure dependence of selected phonon frequencies. Please note the softening of the O3 A1g mode 

in the panel (e) up to 10-12 GPa, which corresponds to the oxygen vibration in Bi-O charge 



reservoir layer46. (g) The schematic of the eigenvectors of the four lattice modes from the panels 

(c)-(f). 

 

Studies indicate that pressure-induced structural distortions in cuprates directly 

affect the superconducting properties of Tl2Ba2CaCu2O8+δ
36, which shares the crystal 

structure with Bi-2212. It was found that lattice distortion coincides with the pressure 

at which Tc reaches its maximum. We hypothesize that this may be due to the 

buckling of the CuO2 planes caused by structural distortion. The buckling of the CuO2 

planes, a key structural parameter, significantly influences the electronic structure, 

affecting the Fermi surface and the density of states65,66. Buckling of the CuO2 planes 

is believed to lower the Tc
66-74. This phenomenon explains why Hg-based cuprates 

exhibit the highest Tc among similar materials, due to minimal buckling distortion in 

their CuO2 planes, offering insights for enhancing Tc in high-Tc cuprates. Cuprate 

superconductors typically contain numerous defects in both the CuO2 planes and the 

outer layers. Experiments on cationic substitution in two single-layer systems, 

Bi2.0Sr1.6Ln0.4CuO6+δ and La1.85NdySr0.15CuO4, revealed that disorder in SrO planes 

significantly impacts Tc
75. By carefully selecting synthesis conditions and atomic 

doping, it is possible to minimize these defects. In fact, careful control of synthesis 

conditions to reduce defects in the SrO planes of Bi-2212 elevated the Tc to a record 

98 K76. As noted in the previous section, at high pressures (> 6 GPa), the relationship 

between lnJ and lnd deviates from linear behavior, with the deviation increasing with 

pressure. We speculate that the observed behavior may be due to the sensitivity of the 

superexchange interaction to the angle in the Cu-O-Cu path64, especially if disorder 

effects significantly enhance the "buckling" of the CuO2 layers above 10 GPa.  

 

Identifying the specific structural features linked to the apparent slowdown of the 

effective superexchange J at pressures above approximately 10 GPa would be highly 

valuable. This information could potentially be obtained through neutron diffraction 

studies or single-crystal XRD measurements with comprehensive Rietveld refinement. 

Conducting these experiments in cuprates at pressures up to 30 GPa would be 

extremely challenging, to our knowledge. Finally, we believe to have found evidence 

of negligible charge-transfer effects on the behavior of J above 10 GPa, as indicated 

by the pressure dependence of the oxygen O3 (Bi-O layer) A1g vibrational mode. We 

plan to investigate this mode across a broader range of doping levels to determine its 

relation to the observed trend of Tc decrease above 10-15 GPa in Bi-based cuprates. |  

  

F. Examination of possible superconductivity under pressure 

Superconductivity in strongly correlated systems is widely believed to be induced 

by doping or pressure. This has been evidenced by the similar Tc phase diagrams 

observed with both tuning methods in strongly correlated superconductors, including 

heavy fermions77-79 and iron-based compounds80-82. In such superconductors, lattice 

parameters exhibit similar behaviors under both pressure and chemical substitution82. 

Examining if superconductivity can be induced in Bi-2212, akin to other strongly 



correlated systems, is a logical step. Consequently, we conducted magnetic 

susceptibility measurements on antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ crystals under 

the same pressure conditions used for Raman scattering and XRD measurements, 

within a similar pressure range. Results of these high-pressure measurements, up to 

30.2 GPa, are presented in Fig. 7. Pressure was applied and measured at 

approximately 120 K, below which it was maintained nearly constant. Magnetic 

susceptibility data were collected during the warming run for each pressure level. For 

comparison, the temperature dependence of the signal for nearly optimally doped 

Bi2.1Sr1.9CaCu2O8+δ at ambient pressure is shown in Fig. 7’s inset. In both experiments, 

crystals were cut to nearly the same size for measurements.  

 

FIG. 7. Magnetic susceptibility signal versus temperature for antiferromagnetic 

Bi2.1Sr1.9CaCu2O8+δ single crystal at applied pressures up to 30.2 GPa. Inset: Magnetic 

susceptibility signal for nearly optimal doped Bi2.1Sr1.9CaCu2O8+δ at ambient pressure. 

 

 

The magnetic susceptibility of nearly optimally doped Bi2.1Sr1.9CaCu2O8+δ shows a 

sharp rise to a peak against a flat baseline at 86 K, then decreases gradually with 

lower temperatures (see inset of Fig. 7). The initial rise from the high-temperature 

side signifies the superconducting transition, marked by the onset of the Meissner 

effect upon entering the superconducting state. This superconductivity characteristic 

has been documented in prior studies30-33,35-37 using the established high-pressure 

magnetic measurement technique29.  

 

Antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ exhibited nearly identical and featureless 



signals across various pressures (Fig. 7). This behavior markedly contrasts with the 

reference signal of the nearly optimally doped Bi2.1Sr1.9CaCu2O8+δ. Superconductivity 

characteristics were undetectable within the measured temperature and pressure 

ranges. Unlike heavy fermions77 or iron-based compounds81, antiferromagnetic 

Bi2.1Sr1.9CaCu2O8+δ does not exhibit superconductivity under pressures up to 30 GPa, 

as these observations show. Consequently, integrating this discovery with the phonon 

anomalies observed earlier, we conclude that the original charge transfer model35 does 

not apply to antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ samples. This is in line with recent 

discoveries of a pressure-induced transition to an insulating state in doped Bi-2212 

superconductors.  

 

G. What parameters matter for superconductivity 

The lack of superconductivity in the antiferromagnetic sample under 

pressure-induced lattice compression offers a unique opportunity to explore the 

critical parameters for superconductivity. Figure 4 shows that applying pressure 

significantly reduces the unit cell size of Bi2.1Sr1.9CaCu2O8+δ. Above 10 GPa, the 

pressure-induced doping decreases significantly and fails to induce superconductivity. 

Conversely, pair formation is crucial for a system to become superconducting. In 

high-Tc cuprates, doping typically leads to a decrease in J9,11-15,48,49. Thus, if 

spin-mediated pairing is effective, quasiparticles could gain the energy needed for 

pairing at the expense of J17. The increase in J observed in Bi2.1Sr1.9CaCu2O8+δ under 

pressure (see Fig. 3) suggests that antiferromagnetic order remains intact within the 

studied pressure range. If antiferromagnetism in this compound can be fully 

suppressed, it may become possible to induce superconductivity.  

 

The nearly constant pressure derivative of Tc (dTc/dP)56 and the universal parabolic 

evolution of Tc with pressure35 in Bi-2212, regardless of oxygen content, suggest that 

factors other than carrier concentration from chemical doping or elemental 

substitution influence superconductivity. Given that the charge transfer hypothesis is 

not corroborated by experimental data, it implies that factors other than doping must 

influence Tc. The consistent magnetic excitations across the entire doping regime of 

the phase diagram in La2−xSrxCuO4
83 suggest that factors other than magnetic 

excitations may determine Tc. An inelastic neutron scattering study of La2−xSrxCuO4 

showed a significant interaction between spin excitations and optical phonons84. This 

interaction could play a crucial role in forming charge-density wave states and 

superconductivity in these materials85. Quantitative spectroscopic analysis of 

one-dimensional antiferromagnetic cuprate chains86 indicates that the notably strong 

near-neighbor attraction likely stems from electron-phonon coupling. The significant 

oxygen isotope effect and its evolution with the addition of CuO2 planes in 

Bi2Sr2Can−1CunO2n+4+δ (n=1,2,3)87 are difficult to explain without considering 

electron-phonon interactions. Time-resolved spectroscopy allows for distinguishing 

between electronic and phononic contributions to pairing strengths, thanks to their 

differing lifetimes88,89. Studies have shown that neither electronic excitations nor 



electron-phonon interactions can be overlooked88,89. In Bi-2212, electron-phonon 

coupling strength mirrors Tc behavior in response to doping, whereas electron-spin 

fluctuation coupling strength consistently decreases with increased doping89. Thus, 

the pairing strength serves as a parameter independent of carrier concentration. 

Inducing strong interactions through lattice compression and suppressing 

antiferromagnetic order may lead to superconductivity in Bi2.1Sr1.9CaCu2O8+δ. The 

observed superconductivity in Bi1.98Sr2.06Y0.68CaCu2O8+δ
90 under modest pressure is 

likely attributed to enhanced interactions via lattice modulation from Y substitution. 

The phonon and two-magnon anomalies in Bi1.98Sr2.06Y0.68CaCu2O8+δ
90 differ 

significantly from those in Bi2.1Sr1.9CaCu2O8+δ, suggesting distinct charge transfer 

patterns that may explain the differences in lnJ versus lnd dependencies.  

 

As previously noted, Hg-based cuprates exhibit the highest Tc among similar 

layered materials, attributed to their CuO2 planes having the least buckling distortion 

among cuprates. High pressure application to a cuprate sample, already 

superconducting at ambient pressure, typically raises the critical temperature Tc, at 

least in the initial stages. A significant previous finding is the increase of Tc from 134 

K to 164 K in Hg-122391, marking the highest Tc recorded in cuprates. The 20-30 

percent Tc increase in Hg-cuprates91, from ambient pressure to about 30 GPa, aligns 

well with the two-magnon excitation percentage increase shown in Fig.3. Viewing Hg 

cuprates as model systems for Tc optimization potential, our results suggest a 

correlation between this potential and the Raman two-magnon energy, indicative of 

the superexchange interaction in cuprates. However, Tc (P) in Bi-based cuprates 

exhibits a more complex behavior, with a universal Tc decrease around 10-15 GPa 

across various doping levels35, and a subsequent Tc increase at higher pressures in 

triple30, single, and double-layer Bi-based cuprates92. The discovery of an insulating 

phase in Bi-2212 at doping levels above 30-40 GPa47 introduces controversy in higher 

pressure ranges, suggesting the system's sensitivity to stress conditions under different 

pressure media. Therefore, the link between J and superconductivity under pressure is 

a significant challenge in Bi-based superconductors. Our findings reveal that, even in 

antiferromagnetic compounds, two-magnon scattering up to 30 GPa does not follow 

the simple exponential function 𝐽 ∼ 𝑑−𝑛 seen in other antiferromagnetic compounds. 

These effects could be due to subtle structural changes, such as buckling, or 

pressure-induced doping. Our results indicate that antiferromagnetic Bi-2212 remains 

non-superconducting and possibly insulating up to 30 GPa. Consequently, we exclude 

doping effects from our J(P) discussion in antiferromagnetic samples, hoping future 

transport property studies under pressure will provide clarity.  

 

Considering that RIXS data indicate a nearly doping-independent superexchange 

parameter J, our findings suggest that an increase in J under pressure could enhance 

superconductivity if J directly influences superconducting coupling, as proposed in 

various studies. However, structural effects like buckling directly impact J, decreasing 

it when the superexchange path strays from the ideal 180° geometry. Our study offers 



crucial insights into the superexchange interaction J in a parent compound, yet key 

structural details are missing for a comprehensive understanding of Bi-based cuprates 

under pressure.  

 

Pressure-induced doping complicates Tc behavior in doped compounds, potentially 

leading to non-monotonic changes within a few tens of GPa, as recently 

demonstrated47. However, we believe discussions on doped compounds should await 

reliable data on pressure-induced doping across the entire doping spectrum.  

 

 

IV. Conclusions 

In conclusion, our comprehensive study on antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ 

under high pressures employed Raman scattering, X-ray diffraction, and magnetic 

susceptibility measurements. Raman scattering showed the two-magnon frequency 

rising from about 3000 cm−1 at ambient pressure to 3550 cm−1 at 33.1 GPa. 

Additionally, we noted phonon anomalies suggesting disorder in heavy atom (Bi) 

layers and reduced charge transfer from Bi-O layers above 10 GPa. Lattice parameters 

decreased monotonically with pressure, showing no signs of structural transition 

within the examined pressure range. Under compression, the in-plane superexchange 

interaction J increased with pressure, following 𝐽 ∼ 𝑑−(6.6±0.2) with respect to the 

in-plane spacing at low pressures. We discussed these parameters' implications on 

superconductivity. We detected no pressure-induced superconductivity in 

antiferromagnetic Bi2.1Sr1.9CaCu2O8+δ over the studied pressure range. Increasing 

evidence on superexchange's role in pairing suggests that reducing lattice constants 

and achieving optimal doping could significantly raise the sample's Tc over its 

ambient-pressure counterpart. However, Bi-based superconductors show multiple 

anomalous Tc (P) phenomena30,47,92, indicating the need for mechanisms beyond 

superexchange to fully understand them. 

``` 
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