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QUANTUM-NOISE-INDUCED LIMITS ON INFORMATION DENSITY IN CONFINED
SOLID-STATE SYSTEMS

The continuous miniaturization of solid-state systems has driven electronic materials into
regimes where quantum noise and environmental coupling play a decisive role in determining
physical performance. In this work, we develop an open quantum framework to investigate
fundamental limits on information density in confined solid-state systems. By explicitly
incorporating system environment interactions at the Hamiltonian level and describing the
resulting non-unitary dynamics within the Lindblad formalism, we derive an intrinsic upper bound
on the number of operationally distinguishable quantum states. Our analysis reveals that
information density scaling is jointly constrained by geometric confinement and noise-induced
coherence loss, leading to an apparent exponential growth only within an intermediate size
regime. As system dimensions approach the nanoscale, increasing quantum noise enforces a
crossover to sub-exponential, noise-limited behavior, signaling the breakdown of purely
geometric scaling arguments. The results demonstrate that the observed scaling behavior arises
as an emergent consequence of open quantum dynamics rather than technological optimization.
Owing to its general formulation, the proposed framework is broadly applicable to a wide class of
solid-state systems, providing a unified physical perspective on information-density limits
imposed by quantum noise.

Keywords: open quantum systems, quantum noise and decoherence, information density
scaling, nanoscale confinement, fundamental physical limits.
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LLlekTeyni KaTTbl AeHeNi )Kynenepaeri aknaparT TbiFbl3blFbiHa KBaHTTbIK, LLYbIN
TYAbIPaTbiH LEKTEYNEP

KaTTbl AeHeni )ymenepaiH y3a4iKci3 KillipenTinyi anekTpoHAbIK MaTtepuanaapibl onapabiH
dU3MKanbIK cMnaTTamanapbiH aHbIKTayAa KBAHTTbIK WY MeH KopluaraH opTameH bGaitnaHbic
Wewywi pen aTkapaTblH peXumaepre »KeTKi3gi.byn Makanaga wWeKTeyai KatTel AeHeni
Kyhenepgeri aknapaT Tbifbl34blfblHA KOWMbINATBIH HErisri wekTeynepai 3epTTey YWiH awblk
KBAHTTbIK KypblibiIMAbl 33ipfey HaTUXKenepi yCbiHbINFaH. [aMWNLTOH AeHreriHaeri yie-
KOpllafaH opTa ©3apa 9peKeTTecynepiH HakTbl eckepy aHe JinHabnasn dopmanuamiHaeri
BipAiKCi3 AMHAMUKaHbl CMNATTay apKblabl ONepauMAnbiK TYPFblAAH aXKblpaTblNaTbiH KBAHTTbIK,
KyWnep caHblHbIH, ilWKi KOfapfbl Weri anblHagbl. byn Tangay aknapaT Tblfbi3AbIFbIHbIH,
MacwTabTanybl reOMETPUANBIK, LEKTEYMEH A€, WyblN TYAblPaTblH KOTePEHTTINIKTIH, *KoFanybIMeH
[le WeKTenreHiH kepcetefi, byn Tek apanblk enWeM AManasoHbIHAA alKblH 3KCNOHEHLMANLb!
ecyre akenepi. HKyre enwemaepi HaHoeWEMIe KaKplHAAFaH CalblH, KBAHTTLIK, WYAbIH, apTybl
WyMeH LWeKTenreH cy6aKCNnoHeHUManabl MIHE3-KY/IbIKKa ayblcyfa oKeneadi, 6yn Tasa
reoMeTpUsA/IbIK MaclTabTay aprymeHTTepiHiH, Oy3blaybiH KepceTedi. HaTuxenep 6GalKanfaH
MacliTabTayAblH, TEXHONOTMMANBIK OHTaMAaHAbIPYAaH Tepi aWblK KBAHTTbIK AMHAaMUKaAaH
TYbIHOAWTBIHbIH KepceTedi. Kannbl TyKblpbiIMAamacbiHa 0anaaHbICTbl YCbIHbIAFAH Kypbl/biM
KBAHTTbIK LUYMEH EHTi3inreH aKnapaT Tblfbl3AblfbIHbIH, LeKkTeyaepiHe OGipblHFal GU3MKaNbIK
KO3KapacTbl KAMTAaMaChI3 eTETiH KaTTbl AeHEeNi XKynenepaiH KeH KnacbiHa KeHiHeH KoaaaHblnaapl.

32 © 2026 Al-Farabi Kazakh National University


https://doi.org/10.26577/RCPh96120264
mailto:mtaifour@bu.edu.sa
mailto:mtaifour@bu.edu.sa
https://orcid.org/0009-0001-4954-0994
https://orcid.org/0000-0002-0032-3411

Montasir Salman Tayfor & Mohammed Ismail Adam Saleh

TyMiH ce3pep: aWwblK KBaHTTbIK KyMenep, KBaHTTbIK LY *KaHe AEKOrepeHTTiNiK, aknapaT
TbIFbI3AbIFbIHbIH, MaclITabTanybl, HAHOBLEMA| WEKTeY, Heri3ri GU3MKa/bIK LeKTeynep.

MoHTacup CanmaH Tadop*, Moxammen Ncmann Agam Canex
Kadenpa dusnkm, YHusepcuteT Anb-baxa, Koponesctso Cayaosckaa Apasusa
*e-mail: mtaifour@bu.edu.sa

OFpaHMHEHMH NNOTHOCTU MHd)OpMaLIMM B OrpaHU4YeHHbIX TBEPAOTE/NbHbIX CUCTEMAX,
Bbi3BaHHbI€ KBAHTOBbLIM LLIYMOM

HenpepbiBHaA MMHMATIOPMU3ALIMA TBEPAOTEbHBIX CUCTEM MPUBEA K TOMY, UTO S/1EKTPOHHbIE
MaTepuasibl OKasaauCb B PeMMax, e KBaHTOBbLIM LWYM M B3aMMOAENCTBME C OKpyXatoLleit
cpeon UrpatoT peLlatoLLyo Posb B onpeaeneHnn Grusnyecknx xapakTepuctunk. B gaHHol pabote
npvBeaeHbl pesy/bTaTbl MO Pa3paboTKe OTKPbLITOM KBAHTOBOM CTPYKTYypbl ANA WCCAeA0BaHUA
byHAAMEHTaNbHbIX OFPaHUYEHUI MAOTHOCTM MHGOPMALMM B OFPaHUYEHHbIX TBEPAOTEbHbIX
cuctemax. fIBHO y4MTbiBasi B3aMMOJEMCTBMA CUCTEMbI C OKPYMalollen cpefiolt Ha YpoBHe
raMUbTOHMAHa M OMWCHIBan Pe3y/bTUPYIOLLYI0 HEYHUTAPHYIO AMHAMUKY B pamKax GopmManmama
NvHpbnapa, BbiBeAEHa BHYTPEHHAS BEPXHAA TrpaHMLA 4YMCaa ONepaumoHHO  Pas3MUYMMBbIX
KBAaHTOBbIX COCTOAHMI. [laHHbI aHanM3 MoKasbiBaeT, 4YTO MacluTabupoBaHME NAOTHOCTU
MHOOPMaLMN  OrPaHMYEeHO OAHOBPEMEHHO TeOMETPUYECKMM OrpaHuyYeHrem u noTepei
KOrepeHTHOCTW, BbI3BAHHOM LYMOM, YTO MPUBOAUT K KaXKyLLEMYCA SKCMOHEHLMaAbHOMY POCTY
TO/IbKO B MPOMEKYTOYHOM AMana3oHe pasmepos. [1o mepe NpuUbAnKeHUA pasMmepoB CUCTEMBI K
HaHOpa3mepy, yBendYeHne KBaHTOBOrO LyMa NPUBOAMT K Nepexody K cyb3aKcnoHeHLUManbHOMY
NOBEAEHMIO, OrPaHUMYEHHOMY  LWWYMOM, 4YTO CBUAETENbCTBYET O HapylWeHWMm YUCTO
reoMeTpUYECKUX aprymeHTOB MacluTabmpoBaHua. Pe3ynbTaTbl NOKa3biBaOT, YTO Hab togaemoe
MaclWTabupoBaHMe BO3HMKAET KaKk CeACTBME OTKPbLITOM KBAHTOBOM AMHAMMKM, a He
TEXHONOMMYECKON OoNTUMM3aLUmMK. bnarogapa csoeir obuieit GopMynnpoBKe, NpeasoKeHHas
CTPYKTYpa LIMPOKO MPUMEHMMA K LIMPOKOMY Knaccy TBepAOoTe/bHbIX cucTem, obecnevymsasn
enHY0 GU3MYECKYI0 NepCneKkTUBY Ha OrpaHMYeHus NAOTHOCTU MHGOPMaLIMK, HaKknaablBaemble

KBaHTOBbIM LLYMOM.

Kniouesble cnosa: OTKPbITblE KBAHTOBble CUCTEMDI, KBAHTOBbIM wym m aekorepeHuua,
N\aCLLITa6V|pOBaHMe NNOTHOCTH I/IHd)OpN\aLI,MVI, HaHOpPa3mMepHOe orpaHn4eHne, d)\/H,ﬂ,aMeHTa/'leble

dU3nYeckme orpaHnYeHms.
Introduction

Motivation

The continuous miniaturization of solid-state
systems has progressively driven electronic materials
into regimes where quantum effects dominate their
physical behavior. At sufficiently small length scales
confined carriers can no longer be treated as isolated
entities but instead form inherently open quantum
systems subject to unavoidable interactions with their
surrounding environment, as a consequence quantum
noise and decoherence emerge as central features
rather than secondary perturbations fundamentally
altering the dynamics of confined states [1-4].

In this nanoscale regime, the conventional
closed-system approximation—widely employed in
bulk and mesoscopic descriptions breaks down due to
enhanced coupling between the system and surface
states, phonons and vacuum fluctuations [5-8]. These
interactions induce finite coherence times and non-

unitary dynamics that directly constrain the stability
and distinguishability of quantum states. Importantly,
quantum noise is no longer a small correction that can
be neglected or absorbed into phenomenological
parameters but instead constitutes a structural
component of the physical description of scaled solid-
state systems [9-12].

Physical Gap

Despite extensive research on information
processing and state density in condensed-matter
systems most existing studies approach information
densification from an engineering or thermodynamic
perspective, such approaches typically emphasize
material optimization thermal management or device
level scaling considerations often treating noise as an
extrinsic factor that can be mitigated through
improved fabrication or design strategies [13-16].
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Quantum-noise—induced limits on information density in confined solid-state systems

While these methods have proven effective at
intermediate scales they implicitly assume that
decoherence can be reduced arbitrarily through
technological refinement.

However, a fully consistent physical framework
that explicitly links quantum noise to the maximum
achievable information density remains largely
absent, in particular there is a lack of analytical
treatments that derive intrinsic bounds on information
density directly from the open quantum nature of
confined systems rather than from empirical trends or
classical arguments [17-20]. This gap obscures the
distinction between technological limitations and
fundamental physical constraints leaving unresolved
questions regarding the ultimate limits imposed by
quantum dynamics and environmental coupling.

Objective and Contribution

The objective of the present work is to establish
a fundamental physical bound on information density
in confined solid-state systems by explicitly

Physical Model

System Definition

We consider a quantum electronic system
confined along a characteristic spatial direction of
length L while remaining extended (or effectively
homogeneous) in the transverse directions.
Depending on the physical realization the
confinement may be strictly one-dimensional or
generalized to d -dimensional reduced geometries.
The finite size L sets the dominant quantization scale
and determines the spacing of the accessible energy
levels.

The electronic subsystem is not treated as
isolated. Instead, it is coupled to an external
environment that may originate from surface degrees
of freedom lattice vibrations (phonons) or vacuum-
induced fluctuations. Such couplings become
increasingly relevant as the system size is reduced
owing to the enhanced surface-to-volume ratio and
the unavoidable interaction between the confined
carriers and their surroundings. Consequently, the
system must be described as an open quantum system
rather than by an idealized closed Hamiltonian model.

Effective Hamiltonian
The total Hamiltonian of the composite system
is written as

H= Hsys + Heny + Hint,

€y
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incorporating quantum noise within an open quantum
framework; by modeling the system environment
interaction at the Hamiltonian level and analyzing the
resulting non-unitary dynamics we derive an
analytical scaling law that captures the interplay
between geometric confinement and decoherence.

The main contributions of this study are
threefold. First, we formulate a general open quantum
model that treats quantum noise as an intrinsic
consequence of confinement rather than an external
disturbance. Second, we derive a size-dependent
scaling law for the maximal information densit,
revealing an upper bound governed by coherence
constraints. Third, we provide a physical
interpretation of the apparent exponential growth
observed at intermediate length scales as a
transitional regime which inevitably breaks down as
noise-dominated behavior emerges at the nanoscale.
These results offer a unified physical perspective on
information-density scaling across a broad class of
solid-state systems [21-26].

where Hgy denotes the Hamiltonian of the confined

electronic degrees of freedom H,,, describes the
environmental modes and Hj,; accounts for the
interaction between the two subsystems.

The system Hamiltonian Hgys incorporates the
effects of quantum confinement and is responsible for
the discrete energy spectrum associated with the finite
length L. The interaction term H;,; mediates energy
exchange and phase randomization between the
system and its environment thereby inducing
decoherence and dissipation. Importantly, this
coupling is not assumed to be a weak perturbation that
can be neglected at small scales but rather an intrinsic
contribution whose impact grows as the characteristic
size L is reduced.

Open Quantum Dynamics

To capture the non-unitary dynamics arising
from environmental coupling the time evolution of
the reduced density matrix p of the electronic
subsystem is described within the Lindblad
formalism. The dynamics obey the master equation

o
d_ft’=_%[H,p]+ZLk[p], @

where the first term represents the coherent evolution
generated by the total Hamiltonian while the Lindblad
superoperators L, [p] encode the irreversible effects
of environmental interactions. Each dissipative
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channel is characterized by a noise rate yj (L) which
depends explicitly on the system size. This size
dependence reflects the physical origin of
decoherence processes such as surface scattering or
phonon-assisted relaxation whose strength typically
increases as the confinement length L decreases. As a
result, the coherence time of the electronic states
becomes intrinsically limited by geometry and
dimensionality.

Physical Meaning of Quantum Noise

In the present formulation, quantum noise is not
treated as an external disturbance that could in
principle be eliminated through improved isolation or
engineering optimization. Instead, it is regarded as a
structural physical constraint arising from the
unavoidable coupling between confined quantum
states and their environment.

This perspective implies that decoherence is not
merely a technical limitation but a fundamental
feature of scaled quantum systems, as the system size
approaches the nanoscale noise-induced effects

Information Density and Quantum Noise

Information Measure

To quantify the amount of information that can
be physically encoded within a confined quantum
system we introduce the concept of information
density. At the most fundamental level this quantity
is determined by the number of effectively
distinguishable quantum states accessible within a
finite volume V.

In an open quantum system not all states of the
full Hilbert space remain operationally meaningful
due to decoherence and environmental coupling. We
therefore define an effective number of states Nefe
corresponding to the subset of quantum states that can
be reliably distinguished within their coherence time.
The information density is then expressed as

Nege

9 ~
|4

€)

which provides a physically motivated measure of
information capacity constrained by both geometry
and quantum dynamics. Alternatively, this definition
may be interpreted in terms of an entropy-constrained
Hilbert space where environmental noise restricts the
effective dimensionality of the state space available
for information storage.

impose intrinsic bounds on the stability and
distinguishability of quantum states thereby
constraining the maximum amount of information
that can be physically encoded within a finite volume.

Phonon bath

Decoherence / Noise
(L) 7 (L)

Surface
Quantum Confined }

Tk (L‘)\‘
Electronic System

< >

i |

z=1[0,L1]
Decoherence /Noise

Rate: 7, (L)

Vacuum

Figure 1. Schematic of a quantum-confined
electronic system of length L coupled to its
environment, where surface states phonons and
vacuum fluctuations induce size-dependent quantum
noise characterized by rates y, (L).

Noise-Induced Constraint

The presence of quantum noise imposes a
fundamental temporal limitation on the stability of
quantum states. In particular, environmental coupling
gives rise to a finite coherence time 7.,, which is
controlled by the noise rates introduced in Section 2.
For size-dependent decoherence processes this
timescale scales as

Tcoh ™~ y_l(L)r 4)
where y(L) denotes the characteristic quantum noise
rate associated with the system environment
interaction.

The ability to reliably distinguish quantum states
further requires that their energy separation AE
exceeds the uncertainty imposed by decoherence, this
condition can be expressed through the quantum
distinguishability criterion

AE T.on = R, (5)
which ensures that quantum states remain resolvable
within their finite lifetime. Equation (5) highlights the
direct role of quantum noise in limiting the
operational resolution of the energy spectrum.
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Upper Bound on Information Density

Combining the geometric confinement imposed
by the system size with the noise-induced coherence
constraint an intrinsic upper bound on the information
density naturally emerges. In a d-dimensional
confined system of characteristic length L the
maximal achievable information density takes the
scaling form

:]max(L) ~ L_d f()/(L)), (6)
where the prefactor L™¢ reflects the geometric scaling
of available quantum states while the function f(y)
encapsulates the reduction of effective state space due
to decoherence.

Crucially, the function f is a monotonically
decreasing function of the noise strength indicating
that increasing quantum noise progressively
suppresses  the  number of  operationally
distinguishable states. As a result, information
density is bounded not only by spatial confinement

Scaling Law and Emergent Behavior

Asymptotic Scaling

In an intermediate size regime where quantum
confinement remains effective while decoherence is
not yet dominant, the upper bound on information
density exhibits an apparent exponential growth with
decreasing system size. In this regime, the scaling of
the maximal information density can be expressed
asymptotically as

L

9 (L) o 20085, )
where L denotes a characteristic reference length and
a is a dimensionless scaling exponent determined by
the effective noise strength. Although formally
exponential this behavior is intrinsically bounded and
emerges only within a finite interval of system sizes
reflecting a balance between geometric confinement
and residual coherence.

Breakdown Regime

As the system size approaches the nanoscale the
effective noise rates y(L) increase rapidly due to
enhanced system—environment coupling. This growth
leads to a progressive reduction of the coherence time
and consequently to a suppression of the effective
number of distinguishable quantum states. As a result,
the exponential scaling observed at intermediate sizes
breaks down giving way to a sub-exponential growth
regime in which further size reduction no longer
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but also by intrinsic quantum noise that cannot be
eliminated through purely geometric or technological
optimization.

IITIZIX(L) p

Weak noise
—— Moderate noise
L d\ —— Strong noise
/\
L L

Figure 2. Schematic scaling of the maximum
information density Iy, (L) with system size L for
different quantum noise strengths, showing noise-
induced suppression of the ideal geometric scaling.

yields proportional gains in information density. This
crossover marks a fundamental transition from
confinement-dominated scaling to noise-limited
behavior.

Emergent Interpretation

This emergent scaling reproduces the
historically observed exponential growth of
information density, often referred to as Moore-like
behavior, while predicting its inevitable slowdown at
the nanoscale.

Intermediate
regime

Nanoscale
Crossover FeBImE
region
log (LO/L)

Figure 3. Schematic crossover from apparent
exponential scaling of 7,5 at intermediate sizes to
noise-limited, sub-exponential behavior at the
nanoscale.
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Physical Discussion

Why Scaling Must Slow Down

The slowdown of information-density scaling at
reduced system sizes follows directly from the
unavoidable growth of quantum noise. As
confinement strengthens, the surface-to-volume ratio
increases enhancing the coupling between the
electronic subsystem and environmental degrees of
freedom. Since dominant decoherence channels such
as surface scattering phonon assisted relaxation and
vacuum-induced fluctuations scale with surface
contributions rather than bulk volume the effective
noise rate increases as the characteristic length
decreases. This behavior implies that coherence
degradation is not a secondary effect but a
geometrically enforced consequence of
miniaturization leading to an intrinsic suppression of
the number of operationally distinguishable quantum
states.

Engineering Versus Physical Limits

It is essential to distinguish between limits that
arise from technological constraints and those
imposed by fundamental physical principles.
Engineering improvements may reduce extrinsic
noise sources or optimize material quality thereby

Conclusions

In this work, we have established a fundamental
physical bound on information density in confined
solid-state systems by explicitly accounting for
quantum noise arising from intrinsic system—
environment coupling, by formulating the problem
within an open quantum framework, we demonstrated
that decoherence imposes an unavoidable constraint
on the number of operationally distinguishable
quantum states thereby limiting the achievable
information density beyond purely geometric
considerations, the analysis revealed that the apparent
exponential scaling observed at intermediate system

Author Contributions:

shifting the onset of noise dominated behavior to
smaller length scales. However, the quantum noise
considered here originates from intrinsic system
environment coupling and cannot be eliminated
through design optimization alone, as a result the
breakdown of exponential scaling reflects a genuine
physical bound rather than a temporary technological
bottleneck marking a transition from engineering-
limited performance to physics-limited behavior.

Role of Surfaces

At the nanoscale surfaces play a central role in
governing quantum noise rather than acting merely as
passive boundary conditions. Surface states structural
imperfections and symmetry breaking at interfaces
introduce additional decoherence channels that
directly affect the coherence time and effective
dimensionality of the accessible Hilbert space.
Consequently, surfaces emerge as primary generators
of quantum noise reinforcing the view that noise
induced limits are inherently linked to geometry and
dimensionality, this interpretation highlights the
fundamental role of surfaces in shaping the scaling
behavior of information density in confined quantum
systems.

sizes represents only a transitional regime which
inevitably breaks down as noise dominated behavior
emerges at the nanoscale. Importantly, the derived
scaling laws and crossover behavior are not tied to a
specific material platform but reflect general physical
principles applicable across a broad class of solid-
state systems. These findings clarify the distinction
between engineering improvements and fundamental
physical limits providing a unified framework for
understanding  information-density  scaling in
quantum-confined materials.
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