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TEMPERATURE AND DOPING DEPENDENCE OF THE PSEUDOGAP PHASE IN CUPRATE HIGH-TEMPERATURE SUPERCONDUCTORS
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ABSTRACT:
The pseudogap (PG) phase remains a central unresolved feature of cuprate high-temperature superconductors, appearing above the superconducting transition temperature ​ and marked by a partial suppression of low-energy spectral weight. A major challenge is that transport, spectroscopic, and symmetry-sensitive probes place the PG’s critical doping at systematically different values, reflecting distinct sensitivities to correlation length scales. Within this regime, charge density waves, pair-density waves, spin fluctuations, and nematicity emerge as intertwined electronic orders. This review synthesizes evidence from ARPES, STM/STS, NMR, resonant X-ray scattering, and optical conductivity, demonstrating how each technique reveals complementary aspects of the PG’s heterogeneity, dynamics, and symmetry breaking. Theoretical frameworks based on quantum criticality, Mott physics, and intertwined orders account for these findings, collectively supporting the PG as a distinct quantum phase rather than a crossover. The coincidence of PG termination with optimal superconductivity underscores its pivotal role in shaping unconventional pairing in cuprates.
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1.0 INTRODUCTION
High-temperature superconductivity in cuprates remains one of the central challenges in condensed matter physics [1]. Despite decades of intensive study, its microscopic mechanism is still unresolved [2]. Recent experimental and theoretical progress has highlighted the pseudogap (PG) as a key player in this puzzle, linking it directly to the emergence of superconductivity (SC) [3]. The PG represents a mysterious phase [4], characterized by a partial depletion of low-energy electronic states between the superconducting transition temperature  and a higher onset temperature [5]; [6]. Unlike conventional ordered phases, it lacks a universally accepted order parameter and displays unconventional signatures across probes [7]; [4].
Thermodynamic studies establish that the PG terminates sharply at a critical doping level  [7], beyond which a strange metallic state emerges [8]. This boundary suggests the PG is not merely a crossover but a distinct quantum phase. The phase diagram in Figure 1 illustrates this landscape - the PG spans from the antiferromagnetic (AFM) insulator to , with the superconducting dome embedded inside [7]; [8]. This visual framework supports theoretical proposals that the PG reflects a broken-symmetry phase with its own identity [9]; [10].
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Figure 1: Schematic phase diagram of cuprate superconductors showing temperature versus hole doping concentration. Key phases include the antiferromagnetic (AFM) insulator, pseudogap region, superconducting dome, and metallic state. Critical points are marked:  (onset doping),  (optimal doping), and   (critical doping), with temperature scales   (Néel temperature),  (superconducting transition temperature), and  (pseudogap onset temperature), Adapted from [11].
A major challenge lies in reconciling discrepancies between experimental probes, where transport studies suggest  [12], spectroscopic measurements yield  [13], while symmetry-breaking studies report  [14]. These systematic differences likely reflect distinct spatial and dynamical sensitivities rather than experimental uncertainty. Temperature scaling is also material-dependent, yet often follows a universal relation: linking the doping and onset temperature [15]; [16].
Theoretical frameworks propose that the PG reflects a quantum phase transition. Yang and Li (2024) suggest a crossover from a doped Mott insulator with RVB spinon pairing to a fragile BCS-like Fermi liquid, consistent with the observed breakdown of d-wave superconductivity near . Competing interpretations include hidden magnetism [17], short-range spin correlations [5], and quantum critical fluctuations [10]. Julià-Farré et al. (2020) argue for an intertwined origin involving spin, charge, and superconducting orders, suggesting the PG is not a single mechanism but a composite phase.
Notably, the collapse of the PG at coincides with enhanced spin fluctuations, a peak in specific heat, and the onset of strange metallicity [10]. Taken together, these results reinforce the view that the PG is a distinct quantum phase tied to criticality which is central to understanding the unconventional superconductivity of cuprates [9]; [10].


2.0 EXPERIMENTAL SIGNATURES OF THE PSEUDOGAP
2.1. Angle-Resolved Photoemission Spectroscopy (ARPES)
ARPES provides direct, momentum-resolved insights into the PG, revealing how its anisotropic gap structure and quasiparticle coherence reflect the influence of strong many-body interactions in cuprates  [18]. In electron-doped cuprates such as , Horio et al. (2024) demonstrate that the PG opens across the unfolded Fermi surface while leaving nodal regions largely intact. The gap magnitude increases from the diagonal toward the antinode, a behavior which is inconsistent with simple AFM band-folding but in agreement with cluster dynamical mean-field theory (CDMFT), which attributes the gap to strong electronic correlations [18].
Complementary theory using the Two-Particle Self-Consistent (TPSC) approach to the two-dimensional  Hubbard model shows that an increasing spin correlation length produces a momentum-dependent PG concentrated at antinodes [19]. The TPSC self-energy is

Where U is the Hubbard interaction strength,  represents the spin susceptibility,  is the bare Green’s function [20], and the spectral function follows:

Where  is the chemical potential, and  is the band dispersion [21]. ARPES data show d-wave momentum dependence:

Where  and  are momentum components and  sets the gap scale [22]. This consistency between experiment and theory underscores the central role of short-range spin correlations in shaping PG behavior. Figure 2, provides direct experimental evidence for this theoretical framework, showing spectral intensity maps where the predicted antinodal suppression is clearly visible while nodal regions remain largely unaffected. The momentum selectivity demonstrated in these ARPES measurements confirms the correlation-driven mechanisms discussed above [18]; [23].
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Figure 2: Momentum-resolved ARPES spectra from Bi2201 at T = 10 K showing evolution from nodal (cut #1) to antinodal (cut #5) directions. (A) Fermi surface mapping with measurement cuts indicated. (B-F) Energy-momentum dispersion showing spectral weight suppression and band flattening near antinodes. (G-K) Evolution with doping demonstrating momentum-selective pseudogap behavior. Intensity scale from low (L) to high (H). Adapted from [18].
Additional ARPES studies report antinodal spectral-weight suppression, Fermi-momentum misalignment and asymmetric broadening that resist pure CDW/SDW explanations; combined strong-correlation plus Fröhlich EPI models reproduce these anomalies [23]. Importantly, ARPES observes PG closure at  higher than transport values, reflecting its sensitivity to local electronic structure beyond long-range coherence scales [13].
2.2. Scanning Tunneling Microscopy/Spectroscopy (STM/STS)
STM/STS provides atomic-scale access to the electronic structure of cuprates, revealing spatial modulations, charge order, and symmetry breaking within the PG regime [24]. In  cuprates , , STM detects checkerboard charge density wave (CDW) patterns emerging near the PG energy scale [24]; [25]. In overdoped , these CDW signatures peak at , firmly linking them to the PG [24]; [25].
Spatial variations of the local density of states (LDOS) are well described by

Where  represents the spatially averaged background density of states,  denotes the energy-dependent modulation amplitude for wavevector  and  captures phase shifts that reflects the underlying electronic correlations [26].Initially modeled as simple cosine modulations [26], this framework has since been generalized to capture local amplitude and phase anisotropies along distinct crystallographic axes [24].
Fei et al. (2019) reported topological defects such as vortices with winding number ±1 in CDW patterns of overdoped , pointing to local strain, inhomogeneity, and fluctuating order. Furthermore, Mukhopadhyay et al. (2019) identified a vestigial nematic state in Bi-based cuprates, a broken rotational symmetry within unit cells that coexists with CDW correlations. Together, these results show that the PG phase is spatially heterogeneous, symmetry-breaking, and intertwined with charge order and doping [24]; [25]; [27].
Importantly, STM detects PG and CDW features persisting well beyond transport-based critical doping. In Bi-2201, CDW correlations survive up to  [24], exceeding transport estimates of  [12]. This highlights STM’s unique sensitivity to nanoscale electronic reconstruction even after bulk coherence is restored.
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Figure 3: STM/STS measurements showing spatial heterogeneity of pseudogap energy in Bi-based cuprates. (A) dI/dV spectra at different spatial positions on underdoped (UD60K), underdoped (UD70K), and optimally doped (OP91K) samples, with vertical offset for clarity. Gray lines indicate gap values Δ. (B) Effective charge measurements showing systematic evolution with bias voltage, with error bars representing standard deviation. Dashed lines indicate reference levels. (C) Correlation plot of pairing energy  vs gap magnitude   across different doping levels, demonstrating the systematic relationship between local electronic properties and pseudogap behavior. Adapted from [4].
Figure 3 demonstrates the spatial heterogeneity of PG properties revealed by these STM/STS measurements. The systematic correlation between local pairing energies and gap magnitudes across different doping levels confirms the intricate relationship between charge order and PG physics established in the preceding analysis [24]; [27].
2.3. Nuclear Magnetic Resonance (NMR)
NMR probes local magnetic environments and has yielded decisive insights into the PG phase through the Knight shift and spin-lattice relaxation rate ​ [28]. In underdoped cuprates, both quantities drop sharply below , signaling reduced spin susceptibility and a gapped spin excitation spectrum [28]; [29]. The PG is strongly doping-sensitive and largely temperature-independent; in theoretical extrapolations, its energy scale may extend up to ~1500 K in highly underdoped systems, although experimental estimates for specific cuprates remain in the few hundred Kelvin range [28]. Doping studies reveal that decreasing hole concentration enhances AFM correlations within  planes, reinforcing PG signatures in Knight shift and ​ data [28]. A two-component model reconciling coexisting metallic and AFM domains captures this doping evolution [29].
Earlier homogeneous models have given way to real-space frameworks that capture atomic-scale inhomogeneity, resolving discrepancies in temperature dependence and aligning with STM observations of nanoscale order [29]; [24]; [27]. Overall, NMR demonstrates that the PG is doping-sensitive, spatially inhomogeneous, and robust against thermal fluctuations, hallmarks of a distinct broken-symmetry phase.
2.4. Resonant X-ray Scattering (RXS) and Resonant Inelastic X-ray Scattering (RIXS)
RXS and RIXS have provided decisive momentum-resolved insights into charge correlations and symmetry breaking in cuprates [30];[31]. In  (Nd-LSCO), RXS revealed that electronic nematicity is fundamentally linked to the PG regime, with nematic order vanishing at the critical doping  [14]. This marks the upper bound of PG-related phenomena, highlighting local symmetry breaking as the most persistent signature of electronic reconstruction, persisting beyond thresholds observed in transport and spectroscopy. Complementary RIXS studies uncovered short-range charge density fluctuations that survive up to room temperature, well above  [30];[2]. These fluctuations are dynamic, doping- and temperature-dependent, and vanish only at the PG endpoint , underscoring their connection to quantum criticality [14];[30];[2];[31]. Collectively, RXS and RIXS establish nematicity and charge density fluctuations as robust hallmarks of the PG phase.
2.5 Optical Conductivity and Spectroscopic Signatures
Optical conductivity measurements reveal fundamental aspects of the PG phase in underdoped cuprates, demonstrating anomalous spectral weight redistribution that distinguishes it from conventional superconductors [32];[33]. Unlike conventional systems where spectral weight is simply redistributed due to pairing, cuprates exhibit fundamental reorganization across energy scales, indicating deep-seated many-body correlations that extend far beyond the superconducting gap energy [32].
The spectral weight redistribution in cuprates is particularly striking, extending up to  in the infrared region far exceeding what would be expected from simple cooper pairing mechanisms [33]. This anomalous behavior suggests that the PG involves complex electronic reorganization that may reflect underlying nanoscale inhomogeneity rather than uniform gap formation [32]. The PG phase exhibits characteristics of incipient pairing without long-range coherence, manifesting as a "two-fluid" state where coherent and incoherent components evolve independently [33]. 
Infrared spectroscopy provides direct evidence for this decoupling, revealing that quasiparticle coherence and pairing strength follow distinct temperature and doping dependencies within the PG regime [33]. The spectral weight conservation requires:

Where  is the real optical conductivity,  is the integrated spectral weight and  sets the infrared cutoff ( ([34]; [33]). Remarkably, the electronic kinetic energy decreases in the superconducting state opposite to BCS theory predictions indicating a fundamental breakdown of conventional SC models in the underdoped regime [32]. 
2.5.1 Doping Evolution of Spectroscopic Signatures
Systematic optical spectroscopy reveals how PG features evolve with doping toward the critical concentration  [33]. In LSCO and Eu-LSCO, the coherent Drude spectral weight  increases steadily, reflecting enhanced carrier coherence as the system approaches a more metallic state [35]; [33]. Yet, in the underdoped regime, the total low-energy spectral weight remains markedly reduced relative to band theory expectations, highlighting the persistence of strong correlation effects across a broad doping range. Effective mass , derived from optical and quantum oscillation data, shows logarithmic divergence as , offering spectroscopic evidence of quantum criticality[35]. Importantly, spectroscopic probes locate the PG endpoint at higher doping ( than transport measurements , emphasizing probe-dependent sensitivity rather than contradiction [12]; [7].
3.0 TEMPERATURE DEPENDENCE OF THE PSEUDOGAP PHASE
3.1 Pseudogap Onset Temperature: Evidence from THG Spectroscopy
The PG onset temperature, defines the upper boundary of anomalous electronic behavior distinct from superconductivity [36]. Using terahertz third-harmonic generation (THG) spectroscopy on  (YBCO) thin films, [36]observed a nonlinear optical response characterized by the third-order susceptibility, . A distinct signal emerged at , preceding the superconducting transition . The temperature-dependent change in slope of  indicates the onset of collective excitations unique to the PG state. Importantly,  values are consistent with polarized neutron scattering and transport results, establishing THG as a sensitive probe of the PG boundary.
These findings align with magnetic susceptibility studies across multiple cuprate families, including  ,, and , which show  varies linearly with doping and runs tangential to the superconducting dome [37]. This cross-validation between nonlinear optical and magnetic approaches confirms that  represents a genuine phase boundary, distinct from , the antiferromagnetic correlation temperature that transport studies once misattributed as the PG onset [37].
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Figure 4: Pseudogap temperature  and magnetic correlation temperature  as functions of hole doping for four cuprate families.  (Dashed lines) exhibits linear behavior tangential to the superconducting dome (blue curves), while  (solid red lines) decreases linearly up to optimal doping before saturating in the overdoped regime. Data extracted from magnetic susceptibility analysis of (a) , (b) , and (c)  compounds. The distinction between these temperature scales resolves apparent contradictions between spectroscopic and transport measurements. Adapted from [37].
3.2 Nematic Order and Symmetry Breaking
Electronic nematic order characterised by the spontaneous breaking of fourfold rotational  symmetry without disrupting translational symmetry, has emerged as a defining hallmark of the PG regime [38]; [14]. Resonant X-ray scattering (RXS) measurements in  (Nd-LSCO) demonstrate that nematic order develops below , vanishing abruptly at the critical doping , coincident with the disappearance of the PG phase [14]; [39]. This sharp boundary suggests that nematicity is not a gradual crossover but a thermodynamic phase transition fundamentally linked to the PG’s origin [38]; [14]; [39]. Importantly, nematic signatures vary across materials, while Nd-LSCO shows robust anisotropy, YBCO lacks detectable in-plane symmetry breaking [40]. Such contrasts underscore the role of lattice structure, disorder, and competing orders. Theoretical work further proposes nematicity as a vestigial form of charge order, offering a unifying perspective on its persistence across cuprates [41].
3.3 Transport and Thermodynamic Signatures of Pseudogap Termination
Transport and thermodynamic measurements provide some of the clearest evidence for the termination of the PG phase and the existence of a quantum critical point (QCP) at . Transport consistently reports the lowest critical doping values across cuprate families. In YBCO, quantum oscillations identified  [12], while resistivity and Hall measurements in LSCO gave  [7]. These values are lower than spectroscopic estimates, reflecting transport’s sensitivity to long-range electronic coherence.
In Nd-LSCO, the in-plane resistivity exhibits distinct scaling:  below , transitioning to Fermi-liquid behavior beyond the critical point [7]. The coexistence of linear and quadratic terms signals critical scattering near a QCP. Hall effect measurements further reveal abrupt changes in the Hall coefficient at , indicating Fermi surface reconstruction [7]. [42] interpret these anomalies using a phase-separation model in which PG formation produces alternating domains of high and low hole density, with charge density wave (CDW) modulations generating tunneling barriers that govern transport.
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Figure 5: Temperature dependence of Hall coefficient  across the pseudogap regime in . Experimental data points from p = 0.01 to p = 0.25 compared with theoretical predictions (continuous lines) from the charge density wave phase separation model. The model successfully reproduces the dramatic temperature variations by considering thermally activated carriers, showing excellent agreement across the pseudogap regime except for p = 0.25 where negative out-of-plane electron contributions emerge above T = 100K. Adapted from [42].
Thermodynamic measurements corroborate these transport signatures. The electronic specific heat coefficient , shows logarithmic divergence as  at , consistent with enhanced effective mass and density of states [7]; [43]:

 Where  quantifies the strength of the divergence and  is a reference scale [43]. Similarly, entropy data reveal enhanced  at , implying that PG collapse liberates electronic states favorable for superconducting pairing [44].
Remarkably, these anomalies coincide with optimal superconductivity: in Eu-LSCO and Nd-LSCO, both  and the condensation energy  peak at  [7]; [43]. When superconductivity is suppressed by magnetic fields, the normal-state entropy and mass renormalization also maximize at this doping, reinforcing the role of critical fluctuations in pairing.
Quantum oscillations in YBCO confirm effective mass divergence at [35], while Hall measurements show a carrier density jump from  for  to  for, signaling Fermi surface reconstruction [12]. High-field transport in Nd-LSCO demonstrates the universality of these features [45].
Together, transport and thermodynamic evidence strongly support the view that the PG terminates via a sharp quantum phase transition rather than a crossover. At , competing orders and superconductivity intersect, defining a universal QCP central to HTSC [7]; [43].
3.4 Nature of the Pseudogap Onset: Transition vs. Crossover
A longstanding debate surrounds the PG onset temperature  [14]; [39]. Does it mark a true phase transition or merely a crossover? Evidence increasingly favors the former. In Nd-LSCO, electronic nematicity vanishes abruptly at  [14], with sharp terminations of nematic order also documented in YBCO and Bi-based cuprates. Such abrupt disappearance of symmetry-breaking signatures implies a thermodynamic transition, possibly linked to a QCP at  [14]; [39]. Complementary evidence arises from nonlinear optical experiments: the THG response in YBCO persists above ​ and diminishes gradually until vanishing at , reflecting the survival of PG-related collective excitations well above the superconducting state [36]. The persistence and sharp termination of these signals reinforce the interpretation of  as a genuine phase boundary rather than a mere crossover.
4.0 DOPING DEPENDENCE OF THE PSEUDOGAP PHASE
 4.1 Doping Evolution in Hole vs. Electron-Doped Cuprates
The PG extends across both hole and electron-doped cuprates, though its evolution differs markedly. In hole-doped systems, it emerges as long-range AFM order weakens, persists into the overdoped regime where it coexists with superconductivity, and terminates at a critical doping often identified with a QCP marking a fundamental change in the ground state [46]; [33]. In contrast, ARPES studies of  (PLCCO) and  (NCCO) reveal that in electron-doped cuprates the PG is largest near the nodal regions and decreases toward the antinodes, the reverse of hole-doped behavior [18]. It persists even after long-range AFM is suppressed, sustained by short-range correlations [47]; [45], consistent with CDMFT calculations that attribute its origin to strong local interactions [18]. These contrasting trends underscore both the universality of the PG and its particle–hole asymmetry.

	S/N
	Materials
	Critical Doping 
	Maximum (K)
	Primary Method
	Key Reference

	1
	LSCO
	
	
	Transport/Thermodynamic Measurements   
	[7]

	2
	Nd-LSCO
	
	
	Transport/RXS
	[14]

	3
	YBCO
	
	
	ARPES/Quantum Oscillations
	[12]

	4
	Bi-2212
	
	
	STM/ARPES
	[13]

	5
	Bi-2201
	
	
	STM
	[24]


Table 1: Summary of critical parameters across the cuprate families.
5.0 THEORETICAL FRAMEWORKS OF THE PSEUDOGAP PHASE
Three principal frameworks address PG physics: quantum criticality, strong correlations rooted in Mott physics, and intertwined electronic orders. Rather than being mutually exclusive, each emphasizes complementary aspects of the phenomenon [48]; [9].
5.1 QUANTUM CRITICALITY FRAMEWORK
The PG endpoint, , is widely interpreted as a QCP, where transport, thermodynamic, and magnetic anomalies converge. Distinct non-Fermi liquid scaling, enhanced electronic specific heat, and suppression of AFM correlations all point to quantum critical behavior at   [7]; [17]; [2]. Experimentally, glassy AFM correlations vanish at critical doping [17], the electronic specific heat coefficient dramatically peaks, and resistivity deviates from Fermi-liquid expectations [2]. The collapse of the PG thus coincides with intensified spin fluctuations and thermodynamic anomalies, linking magnetism directly to superconducting optimization [10].
Across multiple cuprate families, the critical doping for these anomalies is strikingly consistent, suggesting a universal quantum critical framework governs PG termination ([7]; [17]. At the QCP, electronic orders and quasiparticle coherence collapse, separating the PG regime from the Fermi-liquid state.
A unifying perspective is provided by local–itinerant duality: electrons exhibit both localized magnetic moments and itinerant charge character [2]. Spin-fermion and marginal Fermi liquid models capture this duality, reproducing strange-metal transport and effective mass enhancement near  [49];[50];[51]. This framework explains why quasiparticle coherence is reduced while critical fluctuations peak, reinforcing the QCP as central to cuprate physics
5.2 STRONG CORRELATION (MOTT) FRAMEWORK
The PG arises from proximity to a Mott insulating phase, where strong electron interactions lead to fractionalization into spinons and holons, producing momentum-dependent spectral gaps [52];[18]. Cluster DMFT and three-band calculations reproduce correlation-driven spectral weight suppression and in-gap states without long-range order, consistent with ARPES [53];[54];[55]. Strong electronic correlations generate momentum and frequency dependent self-energies. Within the Eliashberg framework, electron-boson coupling produces: 

For systems with dominant low-energy modes, this reduces to a pole approximation:

Where  represents the electron-boson spectral density,  denotes the momentum-dependent coupling strength,  is the characteristic boson frequency,  captures scattering broadening and  accounts for impurity contributions [56]; [57]; [58]; [59]. 
In the RVB picture, the PG reflects spin-singlet formation in a doped Mott background, with superconductivity emerging from condensation of fractionalized excitations [60]; [61]; [62]; [63]. This framework naturally connects to the Uemura relation, where the critical temperature correlates with superfluid density: 

Establishing that  is proportional to superfluid density  in underdoped cuprates [64]; [65]; [66], reflecting the interplay between spin-gap formation and phase coherence.
5.3 INTERTWINED ORDERS FRAMEWORK
Charge density waves (CDWs) represent a central competing order in the PG regime, breaking translational symmetry throughout underdoped cuprates. Resonant inelastic x-ray scattering (RIXS) in   reveals a two-step CDW formation: nearly commensurate precursors at elevated temperatures evolving into incommensurate order upon cooling [31]. Scanning tunneling microscopy (STM) further detects local density of states (LDOS) modulations across broad doping ranges, confirming charge ordering as a robust PG instability.
Pair density waves (PDWs) extend this picture by introducing spatially modulated Cooper pairs that simultaneously break translational and gauge symmetries. These finite-momentum condensates not only frustrate superconducting coherence but also generate associated CDW and magnetic correlations [67]; [68]. The PDW order parameter is expressed as:

Where  represent complex amplitudes for  [68]. Direct STM visualization in  uncovered an eight-unit-cell periodic gap modulation (Panel A), the first atomic-scale evidence of spatially modulated Cooper pairs [69]. Fourier analysis resolved PDW wavevectors at  and   (Panel B) corroborated by particle–hole symmetric gap modulations of  amplitude (Panels C–D). These results firmly establish finite-momentum pairing in cuprates.
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FIGURE 6: Atomic-scale visualization of pair-density wave order in .  (A) Energy gap map  showing eight-unit-cell periodic modulations with amplitude histogram (inset). (B) Fourier transform revealing PDW peaks at wavevectors . (C) Energy-distance spectroscopy along marked trajectory displaying  gap oscillations. (D) Wavevector-resolved profiles confirming PDW peaks at  and  in units of [69].
Spin density waves (SDWs) further break symmetry and compete with charge orders. Neutron scattering reveals stripe-like correlations up to   in Nd-LSCO [70], while ultrasound and complementary probes detects AFM fluctuations persisting to the PG endpoint  [17], highlighting magnetism’s central role.
A further candidate is loop-current order, invoked to explain time-reversal symmetry breaking. Kerr rotation signals symmetry loss near [71], and polarized neutron scattering reports intra-unit-cell magnetic moments [72]; [73]. Yet conflicting evidence leaves loop currents debated despite strong theoretical motivation [74].
Together, these intertwined orders define the PG not as a single instability but as a competitive and cooperative landscape. Recent work identifying PDW collective modes [75] and cross-family signatures [76] reinforces this multifaceted framework.
6.0 CONCLUSION
The PG is best regarded as a distinct electronic regime whose endpoint,, depends strongly on the probe used, transport locates it at  [12], spectroscopy near  [13], and symmetry-sensitive measurements around  [14]. Rather than reflecting experimental inconsistency, this hierarchy underscores probe-dependent sensitivity to coherence length and correlation scales. Competing theoretical frameworks, quantum criticality, strong-correlation (Mott/RVB), and intertwined orders each capture complementary aspects of these findings, converging on a picture of multifaceted electronic reconstruction at the PG endpoint [9];[18];[31]. Notably, the coincidence of transport-determined  with optimal  highlights that restoring long-range coherence, rather than fully eliminating local PG signatures, is key to maximizing superconductivity. Addressing the remaining discrepancies demands systematic cross-technique studies on identical crystals and correlation-length–resolved probes to test whether these offsets are intrinsic.
7.0 FUTURE DIRECTIONS AND OPEN CHALLENGES
Systematic differences in PG critical doping require careful validation, transport places  [12], spectroscopy near   [13], and symmetry probes at   [14]. Whether these offsets reflect intrinsic physics or sample preparation artifacts can only be resolved through cross-technique studies on identical crystals. Probing correlation-length effects by tuning temperature, disorder, and magnetic field offers a promising strategy, as transport and spectroscopic probes may access different spatial scales of electronic reconstruction. On the theoretical front, Yang & Li (2024) explain transport anomalies; Horio et al. (2024) interpret spectroscopic features, and intertwined-order models capture symmetry breaking [31]; [24]. Whether these frameworks converge on a unified picture remains unresolved. Crucially, the alignment of transport-defined  with optimal  [7]; [8] underscores that superconducting optimization hinges on restoring coherence rather than fully erasing PG signatures.
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