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Understanding the behavior of magnetic fields at extremely low temperatures
is a fascinating area of physics that combines quantum mechanics, condensed
matter physics, and thermodynamics. When temperatures approach absolute zero
(0 Kelvin or -273.15°C), materials exhibit unigque properties that
dramatically influence their magnetic characteristics. This article explores
the magnitude of the resultant magnetic field \( B \) inside materials cooled
to temperatures near absolute zero, examining the fundamental principles, the
phenomena involved, and their implications.

Introduction to Magnetic Fields and Temperature
Dependence

Magnetic fields are vector fields generated by moving electric charges,
magnetic dipoles, or intrinsic magnetic moments of particles. The behavior
and magnitude of these fields depend heavily on the material properties and
thermal energy.

As temperature decreases, thermal agitation diminishes, allowing magnetic
moments within materials to align more coherently, often resulting in notable
changes in magnetization. Near absolute zero, some materials exhibit exotic
magnetic states, profoundly affecting the resultant magnetic field \( B \).

Fundamental Principles Governing Magnetic
Fields at Low Temperatures

Magnetization and Magnetic Domains

In ferromagnetic, ferrimagnetic, and antiferromagnetic materials, magnetic
moments tend to align in regions called domains. The degree of alignment—and
thus the net magnetic field—depends on thermal energy:

e At higher temperatures, thermal agitation causes magnetic moments to
fluctuate, reducing net magnetization.

e As temperature approaches absolute zero, thermal fluctuations diminish,
allowing magnetic domains to align more perfectly, increasing the
overall magnetization \( M \).



Curie and Néel Temperatures

These critical temperatures mark phase transitions in magnetic materials:

e Curie Temperature (T.): The temperature above which a ferromagnet becomes
paramagnetic, losing spontaneous magnetization.

e Néel Temperature (T,): The analogous temperature for antiferromagnetic
materials.

Near absolute zero, well below TC or TN, materials are typically in their
ordered magnetic states, resulting in maximum possible magnetization, which
directly influences the magnetic field \( B \).

Magnetic Field \( B \): Definition and Relation
to Magnetization \( M \)

Magnetic field \( B \) inside a material relates to the magnetic field
strength \( H \) and the magnetization \( M \) as:

\ [

B =\mu O (H+ M)
\]

where:

e \( \mu_0 \) is the permeability of free space (\( 4\pi \times 10"{-7} \,
\mathrm{T \cdot m/A} \)).

e \( H \) is the magnetic field strength due to external sources.

e \( M \) is the magnetization, representing the magnetic moments per unit
volume.

At near-zero temperatures, \( M \) approaches its maximum value because
magnetic moments are more aligned, thus increasing \( B \).

Behavior of Magnetic Materials Near Absolute
Zero

Ferromagnetic Materials

In ferromagnets like iron, cobalt, and nickel:



e Magnetic moments align parallel due to exchange interactions.

e Cooling to near 0 K enhances this alignment, reaching saturation
magnetization \( M_s \).

e In the ideal case, magnetization approaches its maximum possible value,
yielding a very strong internal magnetic field.

The magnitude of \( B \) inside such materials can be approximated by:

\ [
B \approx \mu_0 (H + M_s)
\]

In the absence of external fields (\( H=0 \)), the internal magnetic field
approaches:

\ [
B \approx \mu_0 M_s
\]

This saturation magnetization depends on the material but can reach values on
the order of several Tesla (T).

Superconducting Materials and Magnetic Fields

Superconductors, which exhibit zero electrical resistance below a critical
temperature \( T_c \), behave uniquely at low temperatures:

e They expel magnetic fields from their interior through the Meissner
effect, resulting in a magnetic field \( B \) of zero inside the
superconductor.

e Type I superconductors completely expel magnetic flux below \( T_c \).
Thus, near absolute zero, the internal magnetic field is effectively
zero unless magnetic flux is trapped during the transition.

e Type II superconductors allow magnetic flux to penetrate in quantized
units called flux vortices, resulting in a complex internal magnetic
field profile that depends on the vortex density and arrangement.

In summary, for superconductors cooled to near absolute zero, the internal
magnetic field \( B \) is generally negligible or zero unless flux trapping
occurs.

Quantum Effects and Magnetic Fields Near
Absolute Zero

At extremely low temperatures, gquantum mechanical effects dominate magnetic
properties:



Quantum Magnetism

- Magnetic moments of electrons exhibit quantum states that can lead to
phenomena such as spin alignment and entanglement.

- Materials like quantum spin liquids or Bose-Einstein condensates can
display magnetic behaviors that differ vastly from classical expectations.
— These effects can produce very subtle or highly non-classical magnetic
fields inside the material, often requiring sophisticated measurement
techniques.

Superfluidity and Magnetic Fields

— Certain superfluid phases (like superfluid helium-3) display magnetic
properties influenced by gquantum coherence.

- The internal magnetic field \( B \) inside superfluid phases can be
extremely weak or complex, dictated by quantum vortices and collective
excitations.

Implications and Practical Applications

Understanding the magnitude of \( B \) inside materials near absolute zero
has profound implications:

e Magnetic Resonance Imaging (MRI): Superconducting magnets operating at
cryogenic temperatures generate strong, stable magnetic fields for
imaging.

e Quantum Computing: Qubits based on magnetic states require precise
control of magnetic fields at ultracold temperatures.

e Fundamental Physics Research: Exploring quantum magnetic states provides
insights into condensed matter physics and potential new states of
matter.

In practical terms, the magnitude of the magnetic field \( B \) inside a
material near absolute zero varies widely depending on the material and its
magnetic state:

- In ferromagnets, \( B \) can approach several Tesla owing to saturation
magnetization.

— In superconductors, \( B \) 1is effectively zero internally unless flux
trapping occurs.

- In quantum magnetic systems, \( B \) can be extremely weak or exhibit
complex quantum behavior.

Conclusion: What Is The Magnitude of \( B \)



Inside Materials Near Absolute Zero?

The magnitude of the resultant magnetic field \( B \) inside a material
cooled to temperatures near absolute zero depends critically on its magnetic
properties and phase:

- Ferromagnetic materials can reach internal magnetic fields on the order of
Tesla due to saturated magnetization.

— Superconductors generally exhibit zero internal magnetic field because of
the Meissner effect, unless flux trapping occurs.

- Antiferromagnetic and gquantum magnetic systems may have internal fields
that are very weak or highly nuanced, often requiring advanced measurement
techniques.

Overall, the internal magnetic field \( B \) can be extremely large in
ferromagnetic materials due to maximum magnetization but can be negligible in
superconductors or quantum states. This diversity underscores the importance
of understanding the underlying physical state of the material at ultracold
temperatures to accurately determine the magnitude of \( B \).

Understanding these principles not only advances fundamental physics but also
drives technological innovations in magnetic sensing, quantum computing, and
cryogenic engineering.

Frequently Asked Questions

What happens to the magnetic field inside a material
as temperature approaches absolute zero?

As temperature approaches absolute zero, the magnetic properties of materials
can change significantly, often leading to phenomena like superconductivity
where the magnetic field inside the material can be completely expelled
(Meissner effect).

Does the magnetic field inside a superconductor
become zero at temperatures near absolute zero?

Yes, 1n a superconductor cooled below its critical temperature near absolute
zero, the magnetic field inside is expelled, making the resultant magnetic
field B effectively zero within the material.

How does temperature influence the magnetic
susceptibility of a material approaching absolute
zero?

As temperature approaches absolute zero, magnetic susceptibility can increase
dramatically, especially in paramagnetic and ferromagnetic materials, leading
to stronger internal magnetic responses.

At near absolute zero temperatures, what is the



typical magnitude of magnetic field B in diamagnetic
materials?

In diamagnetic materials at near absolute zero, the internal magnetic field B
is generally very weak and opposes the applied field, often resulting in a
negligible or zero net magnetic field inside the material.

Can quantum effects at near absolute zero cause the
magnetic field inside a material to be different from
classical predictions?

Yes, quantum effects such as Cooper pairing in superconductors can
drastically alter the magnetic field inside the material, often leading to
phenomena like perfect diamagnetism and zero internal magnetic field.

What is the typical magnitude of the resultant
magnetic field B inside a superconductor at
temperatures Jjust above absolute zero?

Just above the critical temperature, the magnetic field inside a
superconductor can be non-zero, but as it approaches absolute zero and enters
the superconducting state, B drops to zero due to the Meissner effect.

How does the Meissner effect influence the magnetic
field inside a superconductor at very low
temperatures?

The Meissner effect causes the superconductor to expel magnetic fields from
its interior, resulting in a magnetic field B of zero inside the
superconductor at temperatures near absolute =zero.

Are there any materials that exhibit magnetic fields
at absolute zero, and what are their properties?

Certain ferromagnetic materials retain spontaneous magnetization at very low
temperatures, but the internal magnetic field magnitude depends on their
magnetic domain structure; some may exhibit strong internal fields, while
others show complete expulsion in superconducting states.

What experimental techniques are used to measure the
magnetic field inside materials at near absolute zero
temperatures?

Techniques such as SQUID magnetometry, neutron scattering, and magnetic force
microscopy are used to measure tiny magnetic fields inside materials cooled
to near absolute zero with high precision.

Additional Resources

Magnetic Fields Near Absolute Zero: Exploring the Magnitude of the Resultant



Magnetic Field Inside

Understanding the behavior of magnetic fields at temperatures approaching
absolute zero is a fascinating area of condensed matter physics and quantum
mechanics. As temperatures near 0 Kelvin, materials exhibit unique quantum
properties that dramatically influence their magnetic characteristics. This
review delves into the magnitude of the resultant magnetic field \( B \)
inside materials at these ultracold temperatures, examining the underlying
physics, experimental observations, and theoretical models that explain these
phenomena.

Introduction to Magnetic Fields at Near-Zero
Temperatures

Magnetic fields within materials are primarily governed by atomic and
electronic structures, which are sensitive to temperature variations. At
ambient conditions, magnetic properties such as paramagnetism, diamagnetism,
and ferromagnetism are well-understood through classical and semi-classical
theories. However, as the temperature drops toward absolute zero, gquantum
effects dominate, leading to novel magnetic behaviors.

Key Questions Addressed:

- How does temperature influence the internal magnetic field \( B \)?
- What are the dominant physical mechanisms at play?

— How are these effects measured and modeled?

Fundamental Principles Governing Magnetic
Fields at Low Temperatures

Magnetic Moments and Electron Spins

The magnetic properties of a material stem from the magnetic moments of
electrons, which originate primarily from:

— Electron spin: intrinsic angular momentum contributing to magnetic moments.
— Orbital motion: electrons orbiting nuclei generate magnetic fields.

At high temperatures, thermal agitation randomizes these magnetic moments,
diminishing net magnetization. Near absolute zero:

— Thermal fluctuations are minimized.

— Quantum coherence and collective phenomena become prominent.

- Magnetic moments tend to align due to interactions, leading to distinct
magnetic phases.



Quantum Effects and Collective Behavior

Quantum mechanics introduces phenomena absent at higher temperatures:

— Quantum tunneling: electrons can tunnel between states, influencing
magnetic ordering.

— Superconductivity: zero electrical resistance and the Meissner effect expel
magnetic fields.

— Quantum spin ligquids: exotic states with highly entangled spins and no
long-range magnetic order.

These effects alter the internal magnetic environment, impacting the
magnitude and distribution of the magnetic field \( B \).

Magnetic Phases at Ultralow Temperatures

Different magnetic phases emerge as temperature approaches zero, each with
characteristic internal magnetic fields:

Ferromagnetism

— Long-range magnetic order where spins align parallel.

— The internal magnetic field \( B \) 1is enhanced due to spontaneous
magnetization.

— In ideal ferromagnets at zero Kelvin, the magnetization reaches its
maximum, theoretically leading to a large internal \( B \).

Antiferromagnetism

— Spins align antiparallel in an ordered pattern.

— Net magnetization is zero, but local magnetic fields exist internally.

— The internal magnetic field magnitude depends on the strength of exchange
interactions.

Superconductivity and the Meissner Effect

— Superconductors expel magnetic fields from their interior below critical
temperatures.

— The magnetic field \( B \) inside a superconductor near absolute zero
approaches zero, except within a penetration depth.

Quantum Spin Liquids and Exotic Phases

- Lack of magnetic order, but quantum fluctuations sustain entangled states.
— Magnetic fields inside these phases are often negligible or highly
suppressed.



Measurement Techniques and Observations

Understanding the magnitude of \( B \) inside materials at near-zero
temperatures relies on advanced experimental methods:

Magnetic Resonance Techniques

— Electron Spin Resonance (ESR) and Nuclear Magnetic Resonance (NMR) probe
local magnetic environments.
— Sensitive to internal fields, revealing the magnetic order.

Muon Spin Rotation (\( \mu \)SR)

— Muons implanted into the sample precess in local magnetic fields.
- Provides spatially resolved measurements of internal \( B \).

Magnetometry

— SQUID (Superconducting Quantum Interference Device) magnetometers measure
tiny magnetic moments.
— Capable of detecting minute magnetic fields at ultracold temperatures.

Neutron Scattering

— Neutrons interact with magnetic moments, revealing magnetic order and
fluctuations.
— Particularly useful for studying antiferromagnetic and spin-liquid phases.

Empirical Observations:

— In ferromagnetic materials cooled to near absolute zero, internal magnetic
fields can reach several Tesla, depending on the material.

- Superconductors exhibit internal \( B \) approaching zero within the
Meissner state.

— Antiferromagnetic and spin-liquid phases display much weaker internal
fields, often in the millitesla or microtesla range.

Theoretical Models and Calculations of \( B \)
at Zero Temperature

Theoretical understanding hinges on models capturing quantum interactions and
many-body effects:

Mean-Field Approaches

- Approximate models calculate spontaneous magnetization and resulting \( B
\) .

- Predict saturation magnetization at zero Kelvin, leading to maximal \( B \)
in ferromagnets.



Quantum Field Theories

— Incorporate quantum fluctuations and entanglement.
— Describe suppression or enhancement of magnetic fields depending on phase.

Superconductivity and the London Equations

— Describe how magnetic fields decay exponentially inside superconductors.
- At absolute zero, the field \( B \) inside a perfect superconductor is
zZero.

Exchange Interactions and Spin Hamiltonians

— Heisenberg and Ising models simulate magnetic ordering.
— Ground state solutions indicate the internal field magnitude.

Estimating the Magnitude of \( B \) Inside
Materials at Near-Zero Temperatures

The actual magnitude of the resultant magnetic field \( B \) inside a
material at temperatures close to absolute zero depends on several factors:

1. Magnetic Phase:

- Ferromagnetic: The internal \( B \) can be on the order of Tesla, e.g., 1-2
T for iron at 0 K.

- Antiferromagnetic: Local magnetic fields are typically in the microtesla to
millitesla range.

— Superconducting: The internal magnetic field is expelled, approaching zero

in the Meissner state.

2. Material Properties:

- Magnetic moments per atom or ion.

- Exchange interaction strength.

— Density and arrangement of magnetic ions.

3. External Conditions:
- Applied magnetic fields.
- External magnetic flux or perturbations.

Sample Calculations:

— For a ferromagnet like iron:

— Saturation magnetization at 0 K: approximately 2.2 Tesla.

- Corresponding internal \( B \): near this saturation, depending on domain
structure and demagnetizing factors.

— For a superconductor:
— Internal \( B \): essentially zero below the critical field \( H_{c} \).

4. Quantum Fluctuations:

- Even at 0 K, zero-point quantum fluctuations can induce small residual
fields, but these are generally negligible compared to ordered magnetic
moments.



Implications and Open Questions

Understanding \( B \) at near-zero temperatures is not only academically
intriguing but also crucial for technological applications:

— Quantum Computing: Quantum coherence and magnetic environments influence
qubit stability.

— Superconducting Devices: Precise control of magnetic fields at ultracold
temperatures is essential.

— Material Design: Tailoring magnetic properties for low-temperature
applications.

Open Questions:

- How do quantum entanglement and topological effects influence the internal
magnetic field?

— Can residual fields be minimized to achieve ideal quantum states?

— What are the ultimate limits of magnetic field suppression in engineered
materials?

Conclusion

The magnitude of the resultant magnetic field \( B \) inside a material near
absolute zero is highly dependent on the material's magnetic phase, gquantum
state, and external influences. In ferromagnetic materials, it can reach
several Tesla due to maximal spontaneous magnetization. In superconductors,
the magnetic field is expelled, approaching zero within the Meissner phase.
Antiferromagnetic and spin-liquid states exhibit much weaker internal fields,
often negligible at the gquantum level.

Advances in experimental techniques continue to refine our understanding of
these phenomena, revealing the subtle interplay of guantum mechanics and
magnetic interactions at ultracold temperatures. As research progresses, the
precise control and measurement of internal magnetic fields at near-zero
temperatures will unlock new frontiers in quantum science and materials
engineering, deepening our grasp of the fundamental physics governing
magnetic phenomena in the quantum regime.
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