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High-temperature superconductors (HTSCs) exhibit unconventional normal state electrical resistivity, diverging from standard 

Fermi-liquid behaviour. Resonance scattering is a major contributing factor to this anomalous resistivity, where charge carriers 

strongly interact with collective excitations like spin fluctuations or impurity-induced localized states. This mechanism is 
particularly relevant for cuprates, where strong electron correlations and a complex energy landscape result in non-trivial 

temperature dependence of resistivity. This behaviour often manifests as a linear behaviour over a wide range. We discuss the 

microscopic origins of resonance scattering, its impact on the transport properties of HTSCs, and its role in understanding the 

crossover between the normal and superconducting states. We also examine experimental signatures and theoretical models that 

describe this phenomenon, highlighting. 
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I. Introduction 

High-temperature superconductors (HTSCs), especially those in the cuprate category, have intrigued researchers for decades 

because of their atypical electrical and magnetic characteristics. In contrast to typical superconductors, which adhere to BCS 

(Bardeen–Cooper–Schrieffer) theory and display comprehensible Fermi-liquid behaviour in the normal state, high-temperature 

superconductors (HTSCs) markedly diverge from this paradigm. A distinguishing characteristic of these materials is their unusual 

normal-state resistivity, typically exhibiting a linear temperature dependency across an extensive range, which contradicts the 𝑇2  

behaviour anticipated from standard electron-electron scattering in Fermi liquids1,2 . 

A primary mechanism suggested to elucidate this aberration is resonance scattering, in which charge carriers engage robustly with 

collective excitations such antiferromagnetic spin fluctuations or localized states caused by impurities. In cuprate, these interactions 

are intensified by robust electron correlations and the existence of a pseudo-gap and partial gap in the electronic density of states 

that arises above the superconducting transition temperature, 𝑇𝑐. These interactions impede coherent quasi-particle motion, leading 

to the complex transport behavior observed in experiments. Resonance scattering’s significance is further corroborated by inelastic 

neutron scattering (INS) experiments, which demonstrate a distinct magnetic resonance mode emerging below 𝑇𝑐 , associated with 

the superconducting energy gap and indicating robust coupling between spin excitations and charge carriers 3,4. 

This magnetic resonance has emerged as a distinctive marker for spin-mediated pairing interactions, connecting the normal and 

superconducting states and suggesting the fundamental pairing process in high-temperature superconductors . Comprehending the 

microscopic origins of resonance scattering is essential for elucidating the anomalous normal-state transport and investigating the 

overarching mechanism of high-temperature superconductivity. Theoretical frameworks, including as the Marginal Fermi liquid 

(MFL) theory and spin fluctuation-mediated pairing models, have been established to elucidate these phenomena5,6 . This paper 

seeks to analyze these concepts and experimental signatures comprehensively, providing insights into the transition from normal to 

superconducting phases and the persistent pursuit of room-temperature superconductivity. 

Theory 

The unusual electrical resistivity seen in high-temperature superconductors, particularly in the cuprates, suggests a failure of 

traditional quasiparticle theory. In a conventional Fermi liquid, the electrical resistivity is mainly a result of interactions between 

electrons and phonon scattering, which generally exhibit a temperature dependence characterized by ρ(T) at low temperatures. 

HTSCs, especially in their optimally doped and underdoped states, demonstrate a resistivity that shows a linear increase with 

temperature across a broad spectrum, which is a characteristic that contradicts conventional Fermi-liquid behaviour6 . 

This deviation is frequently linked to resonance scattering, where charge carriers interact with low-energy bosonic excitations, 

particularly spin fluctuations. The concept suggests that these collective excitations, resulting from robust antiferromagnetic 

correlations in the 𝐶𝑢𝑂2planes, function as a dynamic scattering potential. The alignment of the energy from these fluctuations with 

that of the charge carriers results in the fulfillment of resonance conditions, which subsequently enhances scattering and diminishes 

coherent quasi-particle motion. 

The spin-fermion model has been formulated in the context of cuprates to elucidate the interplay involved. This model demonstrates 

a coupling between itinerant electrons and collective spin fluctuations, with the scattering rate being directly associated with the 

spin susceptibility  𝜒(𝑞, 𝜔)  In proximity to the antiferromagnetic wavevector Q = (π,π), the susceptibility exhibits a pronounced peak, 

particularly below Tc, where neutron scattering experiments indicate a clearly defined magnetic resonance mode. The marginal 
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Fermi liquid (MFL) phenomenology, introduced by Varma et al., provides an explanation for this non-Fermi-liquid behaviour by 

suggesting that the electron self-energy exhibits a linear dependence on both energy and temperature. The self-energy is given by  

                                                      𝐼𝑚[∑(𝜔, 𝑇)] ∝ 𝜆𝑚𝑎𝑥(|𝜔|, 𝑇)            (1) 

This observation correlates directly with the linear-in-T resistivity documented in experiments and aligns with angle-resolved 

photoemission spectroscopy (ARPES) findings, which reveal broad quasiparticle peaks and a notable absence of coherence in the 

normal state7,8 . 

In the context of transport theory, the resistivity influenced by resonance scattering can be articulated through the Boltzmann 

transport equation or the Kubo formula, which incorporates a scattering rate that includes contributions from spin fluctuations. The 

observation of a resonant peak in the spin susceptibility, as indicated by neutron scattering, plays a crucial role in influencing the 

imaginary component of the electron self-energy, which in turn affects the resistivity8 . 

Additionally, resonance states induced by impurities, frequently observed in scanning tunneling microscopy (STM) investigations, 

create extra localized modes that may interact with the charge carriers. The contribution of these modes to scattering plays a 

significant role in suppressing the coherence length of the superconducting state9,10. 

Theoretical models collectively highlight the significant impact of resonance scattering on the transport properties of HTSCs. Their 

analysis offers a detailed examination of the crossover behaviour evident in the phase diagram of cuprates, establishing connections 

between the strange metal phase, pseudo-gap regime, and superconductivity. 

Observational Indicators 

Experimental investigations of high-temperature superconductors (HTSCs) have yielded significant evidence that underscores the 

importance of resonance scattering in their unique normal-state and superconducting characteristics. Methods like inelastic neutron 

scattering (INS), angle-resolved photoemission spectroscopy (ARPES), and scanning tunnaling microscopy (STM) have played a 

crucial role in investigating the microscopic origins of the phenomena10–12. 

Inelastic Neutron Scattering (INS) 

INS serves as a highly effective method for investigating magnetic excitations in cuprates. A notable characteristic identified in 

various high-temperature superconductors, including YBa2Cu3O6+x and Bi2Sr2CaCu2O8+δ, is the neutron resonance mode. This mode 

manifests as a distinct peak in the spin excitation spectrum, emerging below the superconducting transition temperature, 𝑇𝑐, and is 

localized around the antiferromagnetic wavevector (𝑄 = 𝜋, 𝜋) . 
12–14The energy associated with this mode exhibits a scaling 

behaviour that is roughly proportional to 𝑇𝑐 , indicating a significant relationship between magnetic excitations and 

superconductivity. 

This resonance supports theories suggesting that spin fluctuations play a role in mediating pairing and influencing charge carrier 

scattering in the normal state. Furthermore, the strength of the mode is linked to the expansion of the superconducting gap, 

highlighting its significance in relation to the pairing mechanism and transport anomalies .14–16 

Angle-Resolved Photoemission Spectroscopy (ARPES) ARPES investigations provide detailed momentum-resolved insights into 

the electronic structure. In cuprates, ARPES demonstrates extensive quasiparticle spectra in the normal state, characterized by the 

absence of distinct peaks, indicative of significant scattering effects. The spectra exhibit increased sharpness in the superconducting 

state, suggesting a decrease in scattering attributed to the gapping of spin fluctuations 17,18 

Furthermore, ARPES measurements reveal a “kink” in the dispersion close to the Fermi level, generally observed in the range of 

50–70 meV. This phenomenon has interpreted as indicative of coupling between electrons and a bosonic mode, presumably the spin 

resonance identified in INS. This indicates a clear relationship between electronic self-energy effects and collective spin excitations, 

aligning with the principles of resonance scattering. 

Scanning Tunneling Microscopy (STM) 

STM and spectroscopic imaging provide detailed insights into the spatial distribution of the local density of states (LDOS). In 

cuprates, the presence of impurity atoms, such as Zn, leads to the formation of localized resonance states that exist within the 

superconducting gap. The presence of zero-bias conductance peaks underscores the sensitivity of high-temperature superconductors 

to local perturbations, suggesting that even minor disturbances can lead to significant scattering effects 19–21. 

Furthermore, the quasi-particle interference patterns identified through Fourier transformed STM provide additional evidence for 

significant scattering occurring at specific momentum transfers, frequently aligning with the antiferromagnetic wavevector 

(𝑄 = 𝜋, 𝜋) 
22.The findings support the notion that impurity effects and spin-driven resonance scattering play a significant role in 

low-energy excitations. 
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Mathematical Framework 

Resonance Scattering and Self-Energy 

The electrical resistivity ρ(T) in HTSCs is often model via the electron self energy 𝜒(𝑘, 𝜔) , where the imaginary part 𝐼𝑚 ∑  

determines the scattering rate. 

According to the Marginal Fermi Liquid theory (Varma et al.) equation (1). This leads to a linear-in-T resistivity23,24 

                                                           𝜌(𝑇) ∝ 𝑇 

Spin-Fermion Model 

In the spin-fermion model, the scattering rate is determined by interaction between electrons and spin fluctuations, which are 

described by a dynamic spin susceptibility χ(q,ω)25,26 

𝜒(𝑞, 𝜔) =  
𝜒𝑄

1+𝜉2(𝑞−𝑄)2−
𝑖𝜔

𝜔𝑠𝑓

                                                           (2) 

Where: 𝜒𝑄  is the peak susceptibility, 𝜉 is the correlation length, (𝑄 = 𝜋, 𝜋) is the antiferromagnetic wavevector and 𝜔𝑠𝑓  is a spin-

fluctuation characteristic frequency.  

The scattering rate due to spin fluctuations becomes 

           Γ(𝜔, 𝑇) ∝ ∫ 𝑑2𝑞 𝐼𝑚[𝜒(𝑞, 𝜔)]                                                           (3) 

This leads to non-Fermi liquid behaviour, where resistivity scales linearly with T. 

Electrical Resistivity and Spectral Function  

 From Kubo’s formula, electrical conductivity σ is given by 26–28 

                                                  𝜎(𝑇) ∝ ∫ 𝑑𝜔 (−
𝜕𝑓(𝜔)

𝜕𝜔
) ∫ 𝑑2𝑘𝐴(𝑘, 𝜔)2 𝑣𝑘

2                                  (4)   

Where f(ω) is the Fermi-Dirac distribution and 𝐴(𝑘, 𝜔) =  
1

𝜋
𝐼𝑚 ⌈

1

𝜔−𝜖𝑘−∑(𝑘,𝜔)
⌉     is the spectral function,  𝜈𝑘   is the quasi-particle 

velocity. 

Graphical representation 

Fig.1. is a graph showing temperature-dependent resistivity ρ(T) behaviour for Fermi liquid vs. non-Fermi liquid (HTS) cases. Let us 

consider a model resonance scattering in high-temperature superconductors (HTSCs), particularly due to spin fluctuations, we adopt 

the spin-fermion model. This framework effectively captures the interaction between itinerant electrons and collective spin 

excitations observed in cuprates systems. The total Hamiltonian is expressed as 29,30 

𝐻 = 𝐻𝑒𝑙 + 𝐻𝑠𝑓 + 𝐻𝑖𝑛𝑡                                                   (5) 

Electronic Hamiltonian: 

𝐻𝑒𝑙 = ∑ 𝜖𝑘𝑐𝑘𝜎
† 𝑐𝑘𝜎𝑘,𝜎          (6) 

This term represents the kinetic energy of non-interacting electrons, where k is the energy dispersion and 𝑐𝑘𝜎
† 𝑐𝑘𝜎  are the electron 

creation and annihilation operators with momentum k and spin σ. 31,32 

Spin Fluctuation Term:   

𝐻𝑠𝑓 = ∑ 𝜔𝑞𝑆𝑞
†𝑆𝑞𝑘𝑘,𝜎                                               (7) 

This describes collective spin excitations (magnons), where ωq is the energy of spin   fluctuations with momentum q , and 𝑆𝑞  is the 

spin operator in momentum space.33,34  

Interaction Hamiltonian: 

                                                       𝐻𝑒𝑙 = 𝑔 ∑ 𝜎𝜎𝜎′ . 𝑆𝑞𝑐𝑘𝜎′𝑘,𝑞,𝜎,𝜎𝑜          (8) 

This term describes the coupling between electrons and spin fluctuations. Here, g is the coupling strength, 𝜎 are the Pauli matrices, 

and  𝑆𝑞 is the spin operator.34,35 

To compute the impact of these interactions on electronic properties, we evaluate the electron self-energy  ∑(𝑘, 𝜔) arising from 

spin fluctuation scattering: 

                                          ∑(𝑘, 𝜔) = ∑ ∫ 𝑑𝜔
𝜒(𝑞,𝜔)

𝜔−𝜖𝑘−𝑞−𝜔+𝑖𝛿
                   (9)   
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The susceptibility is often model as a Gaussian peaked around specific momentum and energy values associated with resonance 

conditions: 

                                          𝜒(𝑞, 𝜔) = 𝑒𝑥𝑝 [−
(𝑞−𝑞0)2

2𝛾𝑞
2 −

(𝜔−𝜔0)2

2𝛾𝜔
2 ]                                      (10)   

Typical parameter values from experiments are 𝑞0 = 𝜋, 𝜔0 = 40 𝑚𝑒𝑉,   𝛾𝑞 = 0.3,   𝛾𝜔 = 5 , This form successfully reproduces 

resonance peaks observed in neutron scattering experiments and supports the hypothesis that spin fluctuations contribute 

significantly to the observed anomalous transport behaviour in the normal state of HTSCs.36–40 

                             

T (K) 

𝝆𝒍𝒊𝒏𝒊𝒂𝒓(𝑻)(𝛀 . 𝒄𝒎) 𝝆𝒒𝒖𝒅𝒓𝒂𝒕𝒊𝒄(𝑻)(𝛀 . 𝒄𝒎) 

0 0.0 0.0 

10 5.0 0.2 

20 10.0 0.8 

30 15.0 1.8 

40 20.0 3.2 

50 25.0 5.0 

60 30.0 7.2 

70 35.0 9.8 

80 40.0 12.8 

90 45.0 16.2 

100 50.0 20.0 

Table 1. Temperature dependence of linear and quadratic resistivity 

To investigate the temperature dependence of resistivity in high-temperature superconductors, we analyze two commonly used 

empirical models: the linear and the quadratic resistivity behaviour. The linear temperature dependence of resistivity is often 

observed (in Table 1) in the normal state of cuprate superconductors and is model as [16] 

𝜌𝑙𝑖𝑛𝑒𝑎𝑟(𝑇) = 𝑎𝑇 

In some materials, especially at low temperatures, resistivity follows a quadratic dependence on temperature, characteristic of 

Fermi-liquid behaviour39–42 

𝜌𝑞𝑢𝑎𝑑𝑟𝑒𝑡𝑖𝑐(𝑇) = 𝑏𝑇2 

 

Fig.1. Temperature-dependent resistivity behaviour for Fermi liquid vs. non-Fermi liquid (HTSC) cases. 
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II. Summery 

The research investigates the atypical electrical resistivity in high-temperature superconductors (HTSCs), specifically cuprates, 

where traditional Fermi-liquid theory is inadequate to elucidate their peculiar behaviour. These materials frequently exhibit a linear 

temperature dependency of resistivity, in contrast to the conventional quadratic 𝑇2 behaviour observed in standard metals. 

The primary principle is resonance scattering, in which charge carriers (electrons or holes) engage intensely with spin fluctuations 

or localized states generated by impurities. This scattering impedes quasiparticle mobility, resulting in non-Fermi liquid behaviour. 

1. Spin fluctuations, along with robust antiferromagnetic interactions, function as a dynamic scattering potential. 

2. The Marginal Fermi Liquid theory and Spin-Fermion models elucidate the observed resistivity and spectrum characteristics. 

3. Methods such as Inelastic Neutron Scattering (INS), Angle-Resolved Photoemission Spectroscopy (ARPES), and Scanning 

Tunneling Microscopy (STM) offer empirical validation. 

4. Mathematical models illustrate how these interactions alter the electron self energy, affecting resistivity. 

5. Graphs and equations contrast linear and quadratic resistivity, illustrating the deviations of high-temperature superconductors 

from classical standards. 

III. Conclusion 

A critical mechanism for comprehending the peculiar metallic behaviour and superconducting transition in HTSCs is resonance 

scattering. An essential step towards realizing room-temperature superconductivity, it connects magnetic excitations with electrical 

transport anomalies. This research contributes to the understanding of cuprate physics by combining theoretical models with strong 

experimental data in support of spin-fluctuation-driven pairing and resonance scattering theories could be extended to iron-based 

superconductors or twisted bilayer graphene. 
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