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Abstract

This study investigates resonance phenomena caused by magnon excitations at low
temperatures, which are important for understanding the magnetic characteristics of high-
temperature superconductors (HTS) and other correlated electron systems. Magnons, being
quantize spin waves, have a major influence on collective magnetic behaviour, and their
interactions lead to detectable resonance effects in neutron scattering experiments. This study
investigates the dispersion relations and neutron scattering intensity in reduced lattice units
(r.l.u.), focusing on the formation of resonance peaks corresponding to magnon energy levels.
These peaks are demonstrate to vary with exchange interaction. Theoretical predictions,
validated by experimental data, demonstrate a strong link between magnons and other quasi-
particles, providing new insights into low-temperature magnetic dynamics and their
implications for superconductivity and quantum materials.

Keywords: High-temperature superconductors, magnon excitation, resonance scattering, green
function.
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1. Introduction

The exploration of magnon excitations and
their ~resonance phenomena at low
temperatures (low exchange interaction J) is
of increasing significance in the field of
condensed matter physics. Magnons, which
are the quanta of spin waves, represent
collective excitations in magnetically ordered
systems. Their study is essential for
understanding various magnetic phenomena,
particularly in materials where -electron
correlation effects are strong, such as in high-
temperature superconductors, quantum spin
liquids, and certain antiferromagnets [ 1-5]. At
low temperatures, the behaviour of magnons
can be markedly different from their high-
temperature counterparts, where thermal
fluctuations dominate. In these low-
temperature regimes, quantum effects
become prominent, leading to distinct
resonance features that are observable in
experimental techniques such as neutron
scattering. Neutron scattering, as particular, is
a powerful tool for probing magnon
dynamics, providing detailed information on
their dispersion relations and interactions
with other excitations in the material [6-13].

Resonance phenomena due to magnon
excitations are of particular interest because
they offer insights into the underlying
magnetic interactions and the nature of the
magnetic ground state. The coupling between
magnons and other quasiparticles, such as
phonons or electrons, can lead to resonance
effects that are sensitive to external
parameters like temperature, magnetic field,
and pressure. These effects can provide
valuable information about the microscopic
interactions within the material, potentially
leading to the discovery of new quantum
phases or the enhancement of
superconducting properties [14, 15].

In this study, we focus on the resonance
scattering effects associated with magnon
excitations at low temperatures. By analysing
the intensity of neutron scattering as a
function of reduced lattice units (r.l.u.), we
aim to uncover the key features of magnon-
induced resonances. The findings from this
research will contribute to a deeper
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understanding of the magnetic dynamics in
low-temperature systems and offer potential
pathways for tuning the properties of
quantum materials through external stimuli
[16-18].

Recent developments in cavity magnon have
demonstrated dynamic control over magnon
excitations, enabling phenomena such as
Tunable magnon-photon hybridization and
coherent magnon control [21, 22]. These
results emphasize the potential of magnons
not merely as passive excitations but as active
mediators of superconducting correlations. It
becomes imperative, therefore, to examine
how magnon-induced resonances may
contribute to or interfere with unconventional
superconducting mechanisms particularly in
differentiating d-wave and S + wave pairing
symmetries.

2. Hamiltonian of Spin Excitation

Let us consider an ideal condition of a metal
at lower temperatures, like liquid nitrogen or
liquid helium. A metal or metal compound
exhibits spin excitation. We take a
ferromagnetic system, and the Heisenberg
model. Hamiltonian can express as

H=—]¥..8:Sj— gugBY;S/ (1)

Where ] is the exchange interaction between
neighbouring spins, §; and S;are the spin
operators at sites i and j, g is the g-factor, ug
is the Bohr magneton, and B is the external
magnetic field [4].

To establish a deeper connection between
magnetic excitations and superconducting
phenomena (eq.(la), we consider a self-
consistent mean-field correction to the
superconducting gap A, defined in the context
of a BCS-like Hamiltonian with magnon
exchange as the pairing kernel [21],

A(k")

, E, 1
ACk) = =Xy Vmagnon(kﬂk )Tk,tanhﬁ (la)

where the effective interaction Vipggnon =

1/ w Stems from magnon exchange and
explicitly depends on the magnon dispersion
€ derived in Equation (18). This formulation
suggests that the structure of y;, dependence
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on lattice symmetry could favour either nodal
or node-less gap symmetries, thus linking
spin-wave topology to gap anisotropy.

For low temperatures, where spin deviations
are small, we apply the Holstein-Primak off
transformation to express the spin operators

in terms of bosonic magnon creation (b;r )and
annihilation (b;) operators:

S =5~ blb 2)
Si+ =~ \/Z_Sbl (3)
S; =+2Sh} (4)

Using these equations (2), (3), and (4), the
Hamiltonian in terms of magnon operators
becomes

H~-2]SY.;>(bb; + b]Tbj —blb; — b;fbi) +
gusB Y bib; (5)

In Equation (5), the Zeeman energy is
represented by the second part involving B
(external magnetic field). For spin
orientations, this part helps define the ground
state potential I/ at low temperatures. [19, 20].
Let take the Fourier transformation of the
magnon Hamiltonian (5). The Hamiltonian is

b; = %Zk bye™ i (6)
bl = 5 Zible™"t ™

here, k is the wave vector, r; the position
vector of the lattice sites i, and N is the
number of lattice sites. Substituting these into
the Hamiltonian

H ~ —2]S ¥ ;s(bib; +blb; —blb; —bb;) +
gusV X blb; ®)

The terms can be simplified by summing over
nearest neighbours, making use of the
structure factor

Z<i,j> el(K'=k)i =Yk = iZa elkd )
where & the vectors connect a site to its
nearest neighbours k& and z represent the
reduced lattice units (7.l.u.) and coordination
number, respectively.

High-temperature  superconductors  like
YBCO have a 2D square lattice symmetry in
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their Cu0, planes. For these systems, it yy
should be:

Yielkx ky] = ;(coskx + cosk,) (10)

Simplifying, we get

H = ~2JS Y4 [22b{b(1 — v,)] + gusB Libb;
an
3. Green Function Solution of Many-
Electron Equation
The solution of the electron frequency
squared behaves like a resonance between
states with the help of spin excitation. To
solve equation (11), we use the double-time
green function

Go(r, st — t') = —i(W [T (r, £, YT (', £)]|Wo)
(12)
Here, Y(r,t) and YT (r’,t") are the field
operators that annihilate and create an
electron at position r,r’' and time t, t',
respectively. The operator T denotes time
ordering [18].
The double-time Green’s function (or time-
ordered correlation function) is typically
define for operators that are not identical. It is
generally written as
Gir (6,87) = (Ti(6), b (¢))) (13)
where ({..)) denotes the thermodynamic
double-time green function. To solve this
expression, we use the commutation
relations:

[bi (), byt (D] = 88t — ), [bi(8), by ()] =
0 (14)

Similarly, for the operators at the time t', we
have:

[bir (¢, bE(®)] = 8y St —t7)

[bi (), by (£)] =0 (15)

The time evolution of the operator is given
by:
by () = [y (£), H] (16)

Using equation (11), we get
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[br(6), H] = Xk 6k (D)42JS(X —vi) + gV (17)
Or equivalently, the magnon excitation
relation in the scattering potential is given by

€ = 42JS(L=vi) + gusV :
Gk,k'(t' t ) = —i0(t — t ){[b, (D), bZ’ (t )>

(18)
(19)

Taking the double derivative with respect to t
in equation (19) using the commutation
relations (14), (15), (17) and applying Fourier
transformation, the green function in
momentum space simplifies to

Ek‘sk k/Gk x ()

i(w2 2
i(w _5k,k/wk)

Gk’k'(w) =

%(([bk(t)rbk’(f))) (20)
ki K
Again, using  (([bx(t), by (t"))) and

differentiating with respect to t' , we
substitute equations (14), (15), (17) into
equation (20) and consider Gy, (w) is a
natural unit one , and after simplification, we
obtain the following.

w? = 8, [0 (6 — €) + @} — 4D)] @1)
This formula describes a relation in the
context of spin waves (magnons) in a
magnetic system, likely in a ferromagnetic or
antiferromagnetic =~ material, ~ where ]
represents the exchange coupling between
spins and S is the spin value.

Using the Green function method, we can
define the band gap and explore the role of
magnons in pairing (use eq.(la)). We
introduce a self-consistent BCS-like equation
[21] with d-wave symmetry

E,r
anh (ﬁ)
with the quasiparticle energy defined as

Ex = Je2 +A%(k) and A(k'") = A(cosk, —

cosk,) (23)

Here, the effective magnon interaction kernel
is derived from the magnon dispersion
relation,

Vmagnon (k, k’) ~

AK) = — 3y Vmaanon (DA

2Epr

(22)

4z] (1=¥p_g")

“’k—k’

24

Current Natural Sciences & Engineering 2 (4) 2025

This structure favours large-momentum transfer near
q = k — k' = (m, ), which naturally supports sign
changing superconducting order parameters such as d-
wave symmetry. The magnon interaction favours
momentum transfer near Q = (m, ), This is exactly
the condition that favours d-wave symmetry, where the
gap changes sign between (0,7)and (7, 0). We can

explain this interaction naturally supports d-
wave pairing over s-wave pairing and
provides a symbolic form of A(k) =
Ay (coskx - cosky).

4. Theoretical Results with Real Part of
w?

Here we use the real value of equation (21) to
describe the magnetic and energy dependence
properties of high-temperature
superconductors (HTS). We can characterize
the graph as representing the relationship
Figure 1: Resonance condition between frequency.

Graph of Re(w?) vs. k
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Figure 2: Dispersion relation of mode as a function
of the wave vector k.

between the quasiparticle energy, €, in HT'S
and the squared frequency of excitation, w?.
As shown in Fig. (1), there is a higher peak at
the point (x,y) = (3.14,19). The behaviour of

these excitations as their energy varies is
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represent by a parabolic trend, which may
suggest as maximum energy transfer or a
point of resonance. The  dynamic
characteristics of the superconducting state,
such as the stability and behaviour of the
quasiparticles, can be examined using this
graph [12].

Graph of Re[w?] vs t' for k=1

— Re[w]vst

Figure 3: The time dependence of the squared

frequency w?, given the time-dependent exponential

term et and its dependence on J values. This graph

illustrates how the resonance condition evolves over
time, which is crucial for understanding dynamic
behaviour and transient resonance effects.

If we use values k in the range from 0 to 2,
we can find Fig.(2). This graph shows how
the squared frequency varies with different
wave vectors. It helps identify the dispersion
characteristics and possible resonance peaks.
This graph depends heavily on the values of J
(see Fig. (7)). The parabolic curve indicates
that as the momentum of the quasi-particles
or spin waves increases, the energy associated
with these excitations also increases, reaching
a maximum at a certain k. This peak likely
corresponds to a resonance, where the
system’s energy response is at its strongest.
Beyond this point, the energy decreases,
which could imply that the excitations
become less stable or are more prone to
damping. [20].

In Fig.(3), the oscillatory pattern indicates
that the energy associated with the excitations
in the system varies periodically with time.
The regular peaks and troughs suggest a
stable and consistent oscillation, the could be
related to the dynamic processes within
superconductor, such as spin waves or
electron which pairing fluctuations.
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This graph provides insights into the time
dependent behaviour of excitations, which is
crucial to understanding the mechanisms of
temporal stability and energy transfer in high-
temperature superconductors [6].

As we can see in Figures 1, 2, 3, and 4, every
graph’s maximum corresponds to /, and each
figure displays a pronounced resonance peak
at  higher J levels. Therefore, in
antiferromagnetic materials, the resonance
peak is dependent on the electron interaction
(J). A steep peak that depends on J values and
indicates a strong connection between
magnons and other quasiparticles can be
observed at higher peaks in Fig. (4) if we take
a higher actual value Re[w?].

If we consider the magnetic properties of the
material in Equation (21) in terms of €,
Fig.(4) illustrates how the energy € varies
with changes in /. As a result, the magnetic
properties of HTS change with the interaction
between magnons and quasiparticles (Fig.
(4)). Using this prediction, we can determine
quantum susceptibility with respect to
temperature, which demonstrates that
quantum susceptibility provides a valuable
lens into the magnetic and quantum
behaviours of high-temperature
superconductors. Theoretical models align
well with experimental data at low
temperatures. Minor deviations at higher
temperatures suggest that further refinement

Graph of Re(w?) vs k for different &

—— & with yi = Cos[k]

— & with y = 0.9%Cos[k]
200000 — & with y, = 0.8+Cos[k]

150000

3
& 100000

50000

of the model may be necessary.

Figure 4: The resonance scattering changes for
different energy levels €. If the | value decreases, all
energy lines converge to the same values.
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The quantum susceptibility is derived from
the following parameters: ] = 120, § = 1/ 2, Z
= 12, and k = 8 (used in the dispersion
relation). The temperature dependence of
susceptibility is model using a temperature-
dependent dispersion parameter,

wi(T) = wi, + aT? (25)

where wj = —4.5 (base value) and a =

0.01 controls thermal effects. Put eq.(25) in
€q.(20), The susceptibility is given by

_ 1
x(1) = Re [ ] (26)
Using
Y = cos (k)
The essential behaviour at the

superconducting transition temperature is
indicated by the theoretical susceptibility
model’s prominent peak around T~20K—-30K.
Strong diamagnetism is characterized by
susceptibility remaining negative at low
temperatures (T<20K). Susceptibility
asymptotically falls towards zero for higher
temperatures (T>30K), indicating that the
magnetic response becomes weaker as
thermal fluctuations take over. Additionally,
experimental results at low temperatures
closely match theoretical expectations (in
Fig.(5). Near the peak region and beyond T,
minor deviations are observed, indicating the
presence of additional physical processes or
experimental uncertainties (such as phonon

Quantum Susceptibility vs. Temperature

—— Theoretical
® Experimental[22]

Susceptibility (x)
°
2
8

-0.05

-0.10

o 20 40 60 80 100
Temperature (T)

Figure 5: The graph highlights the intricate interplay
between temperature and quantum susceptibility in
high-temperature superconductors [22].
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contributions or material impurities). Overall,
this comparison indicates that while the
theoretical model captures key aspects of
susceptibility, particularly at low
temperatures, refinements may be necessary
to fully account for the behaviour at higher
temperatures and accurately capture all
significant patterns (in Fig.(6)). This provides
a valuable foundation for understanding the
dynamics of magnetism at high temperatures
[23-25].

5. Theoretical Prediction on the Imaginary
Part of w?

Using some neutron scattering data [10.28-
30], we can verify our theoretical prediction.
The interaction of electrons with phonons or
magnetic excitation can cause electron
pairing and superconductivity. We focus on
magnetic excitations because the resonance is
intimately related to superconductivity and is
also present in several classes of hole-doped
HTS materials.

Resonance Energy Surface: Re[w?] as Function of | and T

60
28
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- .
20
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=
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EEY
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£
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20
4
1
o
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20 a0 60 80 100 120

Exchanpe interacion, (mevh
Figure 6: Contour map of the real part of the resonance
energy function w?(J,T) derived from the corrected
magnon dispersion model. Here, J is the exchange
interaction and T is the temperature. The plot reveals
that stronger exchange interactions increase the
resonance energy, while higher temperatures tend to
reduce it due to thermal damping. The surface
highlights the dual influence of magnetic stiffness (via
J) and thermal decoherence (via T) on the magnon-
induced resonance conditions in high-temperature
superconductors.[26, 27]

Relwy. ]

The resonance is a sharp magnetic excitation
centred at the wavevector k = (0,2m) in the 2D
reciprocal space of the CuO; planes.

Thus, we consider intensity wk* as energy:

713



Intensity ~ Im[w?] 27)

Moreover, it k represents the crystal’s
reduced lattice level. Equations (21) can be
graphed under ideal conditions using the
parameters from the table, which are
established based on various experimental
data.

Why can magnon intensity and neutron
scattering intensity (counts per minute) be
considered equal? Equations (11) and (27)
show that the spin and phonon excitation
during the fall of a high thermally produced
neutron beam on a high-temperature
superconducting substance are directly
proportional (the second part resembles
phonons with potential), and reduced lattice
unit (Q) represents the momentum transfer in
reciprocal lattice units (r.l.u.), given by
k

Q== (28)

where k is the wave vector. In neutron
scattering experiments, it ¢ corresponds to
the location of the magnetic resonance peak,
linked to spin excitations in superconductors.

Imaginary Part of w? vs. Reduced Lattice Units (r.l.u.) for Different J

— J=0mev
— J=20meV
—— J=40mev
—— ] =60 meV
— J=80meV

=100 mev

=120 mev

250
2004

150

100 /
w7

—

T T T u T T
0.0 0.2 0.4 0.6 0.8 10
Reduced Lattice Units (r.l.u.)

Im{w?) (Arbitrary Units)

Figure 7: Effect of a Magnetic Field on the
Momentum Dependence of Spin (Boson) Excitations
(atJ =0-120) The figure shows constant energy scans
of the neutron scattering intensity as a function of the
wave vector. The parameters used are taken from Table
1, demonstrating the intensity dependence on the ]
value.

Modified Formulation Using ¢ Momentum
Relation Since neutron scattering probes spin
excitations at specific Q-values, we replace k
using

Modifying y, the given function:
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1
Vi =5 cos (k)
Substituting k = 7Q, we obtain:

1
o = cos (Q)

Dispersion Relation Substituting into the
equation of the dispersion relation (18)
We get

€p = 47JS (1 — ~cos (nQ)) + gugV

Dependence of w? on Q Now, modifying the
expression for w?:

(29)

w?(Q) = by [e (g — €) + W} — 4] (30)
This shows that the spin excitations explicitly
depend on Q, affecting the neutron scattering
intensity and resonance conditions. This (27)
spin-dependent model provides a powerful
theoretical framework to analyse spin
interactions in superconductors. However, to
fully understand high-Tc superconductivity,
electron-phonon coupling, strong correlation
effects, and multi-orbital physics must also be
considered.

The exchange interaction J, in this table has
values ranging from lower to higher. A higher
value J is inappropriate for high-temperature
superconductors (0 < 130K), since it indicates
a greater intensity and is temperature
dependent, which is inappropriate for HTS
experimental values.

Table 1: Ideal parameters for Equation (21 and 27) in
HTS compounds [28, 18, 31-33, 10]

Parameters | Values
4-12
0—-130 meV
S 1,2..or +1/2,—1/2
1.54 x 10724 J/T
Uus
Ok,k 1
w-t n
2
Wk 0-320 Hz
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Inelastic Neutron Scattering in High-Tc Superconductors (FCC Lattice)

— YBCO (Exp.)
— B5CCO (Exp.) ? 4
100 1 — LSCO (Exp.) s
— Hg-1201 (Exp.) /
BaFe:ds: (Exp.) s
—— Fese (Exp.)
== YBCO (=125 meV) I
== BSCCO (|=110 meV) ,' ’
== L5CO (j=100 me¥) # o
604 == Hg1201(=130mev) s /
Bafeats: (=somev)  f
== FeSe (=30 meV)

L
Ta A
v ! “

Scattering Intensity (Arbitrary Units)
L]
Im(w?) (Arbitrary Units)

000 025 050 a7s 100 125 150 175 2.00
Reduced Lattice Unit (Q) [rl.u.]

6. Experimental and Theoretical
Comparison of Magnon and Quasi-
Particle Relationship in HTS

In this section, the theoretical

experimental values

w are compared, as it is evident that the

imaginary part is appropriate for high-

temperature superconductors (HTS). The
graph provided is a simulated representation
but is inspired by general trends observed in
inelastic neutron scattering (INS)
experiments on HTS materials, such as
Cuprates (e.g., YBa,Cu3O7-5, Lar-sSrxCuQOs,
etc.). These materials often exhibit features
such as sharp peaks in the INS intensity
resulting from spin excitations around
specific values of momentum transfer (in
reciprocal lattice units). For real experimental
data and specific studies on inelastic neutron
scattering in high-temperature
superconductors,  important  references
include [10, 32-37]. A pronounced peak
Im(w?) indicates strong resonance behaviour,
which aligns with experimental observations
of the neutron scattering (Fig.(8)). This
suggests a coupling between spin excitations
and other quasi-particles. The specific wave
vectors k exhibit higher intensity, which
could correspond to points of strong magnon-
electron coupling or the onset of collective
modes related to the behaviour of
superconductivity. That model in this graph
aligns with neutron scattering experiments for

YBCO, BSCCO, LSCO, Hg-1201, and FeSe,

particularly for high-symmetry points in the

reciprocal lattice [31, 38]. To explore the
relationship between magnetic resonance and
superconducting pairing strength, we model

and
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the superconducting gap A(Q) as inversely
proportional to the magnon excitation energy
€0, based on the hypothesis that lower-energy
magnons contribute more effectively to
electron pairing.

Figure 8: The prominent peak around 1.2 reciprocal
lattice units (r.l.u.) represents a typical feature
observed in superconductors, such as YBa,Cu3;O7-s
etc., at different J values, due to spin excitations or
other collective modes. Smaller oscillations represent
additional scattering processes or noise (use Table (1)
parameters).

Fig.(9) compares the imaginary part of w?(Q),
which  quantifies resonance scattering
intensity, with the scaled superconducting
gap profile A(Q). Both curves show a peak
near @ = 1, indicating that the strongest
magnetic resonance coincides with maximal
pairing strength. This result supports the
interpretation that magnon modes act as a
pairing glue and that the pairing mechanism
1S momentum-selective, consistent with d-
wave symmetry and neutron scattering data
from YBCO and related Cuprates [39-41].

Resenance Intensity and Superconducting Gap vs Reduced Lattice Unit Q

— Im[w(Q}] (Resonance Intensity)

== Scaled Superconducting Gap A(Q)

Energy / intensity (a,u.)

0d0 025 050 075 100 125 150 175 200
Reduced Lattice Unit © (i units)

Figure 9: Plot of the imaginary part of the squared
magnon frequency Im[w?(Q)] (solid red), representing
resonance scattering intensity, and the scaled
superconducting gap function A(Q) « 1/eq (dashed
blue) in a  YBCO-like  high-temperature
superconductor. A clear correlation is observed,
resonance intensity peaks where the superconducting
gap is also enhanced, suggesting strong magnon
mediated pairing near certain momentum transfer
values (Q = 1). The plot emphasizes the momentum-
selective nature of pairing interactions in
unconventional superconductors.

Here We can see that y axis intensity peak
perfectly matches the Hg-1201 experimental
intensity peak so we can say that this model
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of magnon excitation. Here, we can see
Fig.(10), where the experimental and the
other theoretical predictions in both graphs do
not match exactly in terms of their values on
the x- and y-axis. We observe that four HTS
materials exhibit strong theoretical intensity
peaks between approx. 0.9 and 1.1. This
suggests an approximate agreement, likely
due to an incomplete or imperfect
understanding of the internal structure of the
metallic system.

Im(w?) for YBCO
Ky

]

S|
. 0

Figure 10: This 3D graph shows how the wave vector
(k) for YBCO (yttrium barium copper oxide) affects
the imaginary part of the squared spin-wave frequency,
Im(w), at J = 130. Near the critical temperature (T¢),
the curve is displayed for a particular temperature. A
square box representing a Brillouin zone with
maximum peaks is visible in the graph when using the
parameters from Table 1. These peaks indicate the
maximum scattering in YBCO material, where Cooper
pairs occur.

7. Conclusion

The findings of this research provide a deeper
understanding of magnon-induced resonance
in high-temperature superconductors. By
demonstrating a strong correlation between
magnetic  resonance peaks and the
superconducting pairing gap, the study offers
compelling theoretical support for the critical
role of magnon interactions in mediating d-

Current Natural Sciences & Engineering 2 (4) 2025

wave superconductivity. The theoretical
models presented show a reasonable
agreement with  experimental results,
confirming that magnon dynamics are
fundamental to the quantum behaviour of
these complex materials. While the model
successfully captures key phenomena, further
refinements  incorporating effects like
electron-phonon coupling and multi-orbital
physics could enhance predictive accuracy
and provide a more comprehensive picture of
high-T¢ superconductivity.

Methods Note

All theoretical derivations (Equations 11-30)
were solved analytically using Green’s
function formalism. Numerical evaluations
of dispersion relations, resonance conditions,
and susceptibility were performed in
Mathematica and Python Program to
generate  Figs. 1-10. This ensures
reproducibility of the presented results.
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