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Abstract

This paper presents a comprehensive theoretical investigation of quantum information storage via the Higgs
amplitude mode in superconductors. We propose a novel quantum memory mechanism based on coherent
excitation and echo retrieval of the Higgs mode, exploiting the collective nature of the superconducting
condensate. Through rigorous theoretical analysis combining time-dependent Ginzburg-Landau theory with
quantum master equations, we demonstrate that Higgs mode excitations can store quantum information with
coherence times exceeding 100 ns. We derive analytical expressions for storage fidelity as a function of
temperature, gap anisotropy, and disorder, achieving theoretical fidelities above 95% for storage times up to 100

ns in clean s-wave superconductors belowl—;. Numerical simulations validate our theoretical predictions and reveal

optimal parameter regimes for NbN thin films. Our findings establish fundamental bounds on Higgs-based
quantum memory and propose experimental protocols compatible with current THz spectroscopy capabilities.
This work opens new directions for exploiting collective modes in quantum technologies.

Keywords: Quantum Memory, Higgs Mode, Superconductivity, Amplitude Mode, Collective Excitations,
Quantum Information Storage.

I. INTRODUCTION
1.1. Motivation and Background

The development of robust quantum memory architectures represents a central challenge in quantum
information science *. While significant progress has been achieved using isolated quantum systems such as
superconducting qubits 2 and trapped ions 3, these approaches rely on protecting individual quantum states from
environmental decoherence. An alternative paradigm exploits collective excitations in many-body systems, where
quantum information is encoded in correlated degrees of freedom that exhibit enhanced resilience to local
perturbations *

Superconductors support two fundamental collective modes: the massless Nambu-Goldstone (phase) mode
and the massive Higgs (amplitude) mode °. The Higgs mode represents oscillations of the superconducting order
parameter magnitude and has recently become experimentally accessible through ultrafast THz spectroscopy®,’.
Recent observations of Higgs oscillations in NbN thin films 8 and cuprate superconductors ° have demonstrated
unprecedented control over amplitude mode dynamics, motivating investigation of their potential for quantum
information storage.
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1.2. Research Contribution

This work develops a comprehensive theoretical framework for Higgs-based quantum memory with the
following contributions:

Theoretical Foundation: We derive a quantum master equation describing Higgs mode dynamics coupled to
dissipative environments, incorporating intrinsic damping mechanisms (quasiparticle interactions, phonon
coupling) and extrinsic sources (disorder, inhomogeneity).

Echo Protocol: We propose a coherent control protocol based on echo techniques, where quantum information is
encoded in Higgs oscillations and retrieved through time-reversal operations analogous to spin-echo in magnetic
resonance 1°,

Fidelity Analysis:We establish analytical and numerical bounds on storage fidelity as functions of material
parameters, temperature, and storage duration, identifying optimal operating regimes.

Material Optimization: We compare performance across different superconductor classes and identify NbN as the
optimal material platform for experimental demonstration.

1.3. Organization

Section Il reviews theoretical foundations. Section Ill presents our framework and derives the master
equation. Section 1V develops the echo protocol and analyzes fidelity. Section V presents numerical simulations.
Section VI discusses experimental implementation. Section V11 concludes with implications and future directions.

Il. THEORETICAL FOUNDATIONS
2.1. Higgs Mode in Superconductors

The Higgs amplitude mode in superconductors was theoretically predicted by Anderson 5 and Littlewood-
Varmall. In the Ginzburg-Landau framework, the superconducting order parameter ¥ = [¥| e!® admits
fluctuations in both magnitude (Higgs mode) and phase (Goldstone mode). The energy dispersion for the Higgs
mode in clean s-wave superconductors is 2;

wn(g) =28+ 2T (1)

where q is wavevector, m* is effective mass, and 2A represents the minimum excitation energy. For =0,
the Higgs frequency is own = 2A/A, corresponding to breaking a Cooper pair.

Figure 1 shows the energy structure with the superconducting ground state, Higgs mode resonance at 2A,
and single-particle continuum above. THz pump excites the Higgs mode, which is then probed through time-
resolved spectroscopy

Figure 1: Energy Diagram: Higgs Mode in Superconductors
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2.2. Decoherence Mechanisms
Several mechanisms limit Higgs mode coherence 3:

e Quasiparticle Relaxation: Thermally excited quasiparticles provide dissipation with characteristic
KpT\ 1 4 . . .
%) exp— yielding nanosecond to microsecond damping .
B
e Phonon Coupling: Electron-phonon interactions introduce damping y,p~A,p (Where X is coupling
constant and w, is Debye frequency), typically producing picosecond decay times *°.

. Impurlty Scattering: Disorder introduces spatial inhomogeneity and dephasing with rate

timescale Tgp ~ (

r— ~NimpVF G , Where N, is impurity density °.

¢ Inhomogeneous Broadening: Spatial variations in local gap A(r) cause ensemble dephasing that echo
techniques can potentially refocus *°.

1. THEORETICAL FRAMEWORK
3.1. System Hamiltonian
We begin with the BCS Hamiltonian and perform Bogoliubov transformation to obtain the mean-field
description ¥’. For Higgs mode fluctuations SA(r,t) around equilibrium value Ao, We write:

A(r,t) = [Ao + BA(r,1)] €D @

Expanding to second order and integrating out fermionic degrees of freedom yields the effective bosonic
action 18

SHl-ggs_d3rdt[ - (0:60) - —(754)2 “0 ®(54)7] 3)

where g = VN(0) is the dimensionless coupling constant and v = 1]/—1; is the mode velocity.

3.2. Quantum Master Equation

To incorporate decoherence, we use the Caldeira-Leggett formalism °. The total Hamiltonian includes
system, bath, and interaction terms. Tracing over bath degrees of freedom in the Born-Markov approximation
yields the Lindblad master equation?°:

Orp = =~ [Hriggsp] + ¥ (entDLIalptymLla] p HE(atapata - {ata,p})  (4)
where p is the reduced density matrix, a (at) are Higgs mode annihilation (creation) operators,

1

m is thermal

L[a]p = apa’- %{a*a, p} is the Lindblad superoperator, vy is the relaxation rate, ng, =

occupation, and y, represents pure dephasing.

3.3. Encoding Scheme

For qubit encoding, we utilize a two-level subspace:
[10)L—10)niggs(vacuum state),|1)L—|L)Higgs. (Single Higgs ex citation) (5)

Alternatively, coherent state representation |a) provides continuous encoding where both amplitude |a| and
phase arg(a) carry information.

3.4. Coupling to Control Fields

The interaction with external THz fields is modeled through minimal coupling. For a spatially uniform
THz pulse E(t) = E, f(t)cos(wt), this produces an effective Hamiltonian %%

Heontror (£) = hEX(t) (ah a) (6)

Eody dH

where the Rabi frequency Q(t) = f(t) depends on the dipole moment du ~ :—F
H
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3.5. Storage Fidelity Metrics

We define storage fidelity as the overlap between input and retrieved quantum states:

F = (Winlpout| Win) (7)

where p,,; is the output density matrix after storage time ts with storage and retrieval operations.

IV. HIGGS ECHO PROTOCOL AND FIDELITY ANALYSIS
4.1. Protocol Design
The Higgs echo protocol consists of three phases:
Phase 1: Encoding (Write) — A resonant THz n/2-pulse at frequency o = 2A/A creates coherent superposition:

Uwrite = exp(-i Zata).

Phase 2: Free Evolution with Echo — During storage time 1, at time ;—5 , a m-pulse is applied: U, = exp(-ir a’a).
This inverts phase evolution, causing refocusing at time ts when inhomogeneous dephasing satisfies:

L Sw(r)dt =0 (8)

Phase 3: Retrieval (Read) — A final n/2-pulse converts stored information back to detectable form: U_read = exp(-
itata/2).

4.2. Analytical Fidelity Calculation

For a two-level system with relaxation and dephasing, the density matrix elements evolve as:

p11=expTY9py, (0), por(t) =exp ™2t py,(0) 9)
where vy, = g + v, is the total transverse relaxation rate. Starting from |yin) = W after storage time T
with echo at % the fidelity becomes:
Fono(T5) = L+exp V™) (L+e C2r0 ™)) (10)

Comparing with the no-echo case shows enhancement factor ‘e (-7 #)

Figure 2 demonstrates storage fidelity as a function of time for different temperatures in NbN. The echo
pulse extends usable storage time by approximately 3x compared to free evolution. At T = 0.01 T, fidelity remains
above 0.9 for over 150 ns.

Figure 2:Storage Fidelity vs. Time: Temperature Dependence with Echo Enhancement
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4.3. Temperature Dependence

The relaxation rate depends strongly on temperature through quasiparticle density:
WT) = yo+ AZED exp(-—2-) (12)
B

where y, represents temperature-independent contributions and A is a material-dependent prefactor. For
optimal performance at T < T_c/10:

1
F(ts, T TJ/10) = 1 - 70 15~ \2A(ED)z e 4/k8 D7y (12)

4.4, Disorder Effects

Spatial variations in local gap A(r) from impurities, thickness variations, or strain create inhomogeneous
dephasing. Modeling gap distribution as Gaussian with width o, the inhomogeneous contribution is:

Yinh = % (13)

Echo refocusing works when the correlation time 1 of gap fluctuations satisfies 1c >> 1_s. For static
disorder:

Fecho,inh('fs) ~1- Yo Ts - (GAhTS)Z (14)
showing quadratic rather than linear degradation, confirming echo effectiveness.
V. NUMERICAL SIMULATIONS AND MATERIAL OPTIMIZATION

5.1. Simulation Methodology

We implement numerical solutions of the full master equation using the QUTIP framework 22, Material
parameters are extracted from experimental literature for representative superconductors:

Table I. Material Parameters

Material | T (K) Ao(meV) | vk (10° m/s) A Optimal T (K)
Nb 9.2 15 1.4 0.82 0.9
NbN 16.0 25 1.2 0.96 1.6
YBCO 92 25 2.0 15 10
MgB: 39 7.1 2.8 0.62 4

5.2. Performance Analysis

Nb Performance: At T = 0.9 K, the Higgs frequency ® H/(27) = 725 GHz. Without echo, F = 0.50 at ts = 50 ns
(limited by dephasing). With echo at ? F = 0.87 at ;= 100 ns, demonstrating 3x extension.

NbN Performance: Higher gap (o H = 1.2 THz) and reduced thermal quasiparticle density yield superior results:
F=0.95 at t_s =100 ns with echo, and storage up to ts = 500 ns with F > 0.80. Optimal operating temperature T
<l6K

Figure 3 shows (a) density matrix evolution for Nb demonstrating decoherence dynamics, and (b) fidelity
comparison between Nb and NbN with echo pulse, clearly showing NbN's superior performance due to larger gap
and reduced thermal effects.
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Figure 3: Numerical Simulation: Density Matrix Evolution and Material Comparison
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Key Simulation Results

Nb Performance (T =0.9 K):
= Without echo: F = 0.50 at 7_s = 50 ns (limited by dephasing)
=With echo: F = 0.87 at 1_s5= 100 ns (3% extension)

NBM Performance {T =1.6 K):
= F=0.85 at1_s = 100 ns with echo
= Storage up to 1_s = 500 ns with F = 0.80

= Higher gap {2.5 meV vs 1.5 meV) reduces thermal quasiparticle density

Cuprate Superconductors: YBCO exhibits d-wave pairing with gap A(k) = Ao cos(26x). The Alg Higgs mode
appears at ~12 THz. Despite enhanced relaxation from nodal quasiparticles, high gap magnitude enables F = 0.92
at s =50 ns at T = 10 K, offering practical cooling advantages.

MgB:: Two-band superconductivity with distinct gaps creates mode hybridization. Selective excitation of 6-band
mode provides F = 0.88 at ts = 80 ns but suffers from interband coupling complexity.

Figure 4 presents maximum storage times for F > 0.90 across materials, with breakdown of limiting
factors (T relaxation, T2 dephasing, inhomogeneity). NbN achieves 200 ns, doubling Nb's performance, while

YBCO and MgB: achieve 75 and 70 ns respectively

Figure 4: Material Comparison: Maximum Storage Time for F > 0.90"
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5.3. Parameter Optimization
Systematic parameter scans identify optimal regimes:

e Gap Magnitude: Larger A improves thermal stability. Optimal range: 2-10 meV (0.5-2.5 THz).
e Temperature: Exponential improvement below T¢/10. Practical optimum: T = 0.05-0.1 T..

e Sample Quality: Impurity concentration must satisfy h 5 < 0.1.

Timp

e Film Thickness: Optimal d = 50-200 nm balances THz penetration and uniformity.
VI. EXPERIMENTAL IMPLEMENTATION
6.1. Experimental Requirements

Sample Preparation: High-quality thin films (d = 50-200 nm) fabricated via MBE or reactive magnetron
sputtering. For NbN on MgO(001), achieve T =~ 16 K with surface roughness < 1 nm rms 2.

Cryogenic System: Operation at T < T¢/10 requires dilution refrigerator or He-3 cryostat. For NbN, T = 1.5 K is
achievable with He-4 flow systems. Temperature stability AT < 10 mK essential 24,

THz Source: The /2 and = pulses require phase-stable THz radiation. Optical rectification in LINbOs or DAST
crystals achieves required field strengths (15 kV/cm for NbN) with pulse durations tp = 10-20 ps %.

Detection: Electro-optic sampling (EOS) with sub-ps resolution enables direct observation of Higgs oscillations.
Alternative detection via reflectivity requires sensitivity % ~104 &,

6.2. Protocol Implementation

o Write: Single-cycle THz pulse with carrier ® = ®_H, envelope duration 10 ps, focused to ~100 pum spot.
Pulse energy ~1 pJ produces required field. The 7/2 condition:

Tpulse T
f Qt)dt = -
0 2

e Storage: Sample maintained at constant temperature while Higgs oscillations evolve. Echo n-pulse applied
att= Tz—s with timing jitter At <1 ps.

e Read: Retrieval n/2-pulse converts stored Higgs amplitude to detectable form. Time-resolved detection
captures emitted THz transient.

e State Tomography: Complete density matrix reconstruction requires multiple measurements with different
read pulse phases [27].

6.3. Noise Sources and Error Budget
e Timing Jitter: Echo n-pulse must arrive att =1_s/2 with precision At << 1/wy = 0.8 ps. Modern Ti:sapphire
lasers achieve < 10 fs jitter [28]. Fidelity impact: SFjiter = (0H At)>
e Amplitude Fluctuations: 1% THz energy stability yields SFamp = (SE/E)?> = 104,
e Spatial Inhomogeneity: High-quality films with o_A/A ”‘TA< 0.01 and echo refocusing minimize to < 5%

loss.

o Multi-photon Processes: Operating below damage threshold E < 100 kV/cm ensures |o? < 4, keeping multi-
photon contributions < 1% 2.

6.4. Comparison with Alternative Platforms

Table 2. Quantum Memory Platform Comparison

Platform Storage Time | Fidelity | Operating T | Read/Write | Scalability
Atomic EIT 1ms 90% 300 K 1 us Moderate
Rare-earth ions 6 hours 99% 4K 10 ps Low
SC qubits 100 ps 99.9% 20 mK 20 ns High
Acoustic waves 10 ps 95% 20 mK 100 ns Moderate
Higgs mode 200 ns 95% 15K 20 ps Moderate

The Higgs approach uniquely combines ultrafast operation (ps read/write), moderate cooling requirements
(vs. 20 mK for qubits), all-electrical control, and compatibility with superconducting circuits.

6.5. Integration with Quantum Computing

Coupling Higgs memory to superconducting qubits via Heoupiing= g(a’a)(c+ + o.) enables coherent state transfer®,
For resonant coupling g/(2n) = 100 MHz, swapping time Tswap = 7/(2g) = 2.5 ns permits fast memory operations.
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6.6. Fundamental Limitations

Energy-Time Uncertainty: Ao x t_s > 1 limits resolution. For precise encoding, minimum ts> o™ = 0.8
ps.

Thermodynamic Bounds: Landauer's principle limits reset energy to Ereset > k5T In(2) = 0.1 peVatT=1.5
K [31].

Error Correction Threshold: Without error correction, maximum F = 95% is below fault-tolerance
threshold F_th = 99% [32], indicating benefit from encoding in logical qubits.

VII. DISCUSSION AND CONCLUSIONS

7.1. Physical Interpretation

The success of Higgs-based quantum memory relies on three principles:

Collective Nature: The Higgs mode represents collective excitation of ~10° Cooper pairs, providing
inherent protection against local perturbations.

Energy Gap Protection: Finite excitation energy 2A creates a stability island. Thermal fluctuations at T <<
T. cannot populate the Higgs mode.

Echo Refocusing: Inhomogeneous dephasing can be reversed by the n-pulse, translating classical NMR
concepts to the quantum regime *°,

7.2. Key Findings

This work establishes that:

Feasibility: Higgs modes can store quantum information with fidelities exceeding 90% for durations up to
200 ns under realistic conditions.

Echo Enhancement: Spin-echo protocols extend storage times by factor ~3 by refocusing inhomogeneous
dephasing.

Material Optimization: NbN emerges as optimal, balancing large gap (2.5 meV), high T_c (16 K), and
moderate disorder.

Fundamental Limits: Storage fidelity is limited by quasiparticle relaxation at finite temperature and
residual inhomogeneity. Operating below Tc/10 minimizes thermal contributions.

Experimental Viability: Required THz parameters (1-2 THz, 10-20 ps, 10-50 kV/cm) are achievable with
current technology.

7.3. Advantages and Limitations

7.3.1. Advantages:

Ultrafast operation (ps-scale read/write)

Moderate cryogenic requirements (1-2 K vs. 20 mK for qubits)
All-electrical control

Compatible with superconducting circuits

Scalability via spatial mode engineering

7.3.2. Limitations:

Storage duration (100-200 ns) shorter than qubit coherence (microseconds)
Requires specialized THz sources

Performance sensitive to sample quality

Below fault-tolerance threshold without error correction

7.4. Optimal Applications

Higgs quantum memory is suited for:

Quantum Communication: Ultrafast operation enables synchronization nodes where 100 ns storage
suffices for photon arrival jitter compensation 33,

Quantum-Classical Interfaces: Bridging fast classical processors (GHz-THz) with quantum memories.
Hybrid Quantum Algorithms: Algorithms requiring frequent classical feedback benefit from rapid memory
cycling 3*

Fundamental Studies: Testbed for collective quantum phenomena and many-body coherence.
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7.5. Future Directions

e Topological Protection: Engineering Higgs modes in topological superconductors may provide additional
robustness 3.

e Photon Coupling: Cavity placement enables photon-Higgs state transfer, creating hybrid light-matter
memory 3¢

¢ Multimode Encoding: Utilizing both Higgs and Goldstone modes enables two-qubit gates 7.

o Material Discovery: High-throughput screening for superconductors with optimal Higgs properties 8.

7.6. Concluding Remarks

This work establishes the theoretical foundation for quantum information storage using the Higgs
amplitude mode in superconductors. We demonstrate that Higgs modes can store quantum information with
fidelities exceeding 90% for 100-200 ns, occupying a unique niche combining ultrafast operation with moderate
cooling requirements. From a fundamental physics perspective, this demonstrates that collective modes in
quantum many-body systems can serve as robust information carriers, opening new avenues for exploiting
emergent quantum phenomena.

7.6.1. Outlook:

Experimental demonstration in high-quality NbN films at T = 1.5 K represents the immediate next step.
Successful demonstration would validate our framework and establish Higgs-based quantum memory as a viable
technology for next-generation quantum systems, enabling novel quantum gates, simulators, and sensors
exploiting collective quantum coherence in macroscopic superconducting systems.
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