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In electromagnetismgbsolute permittivity is the measure of the resistance that is encountered whamfpan —
electric field in a medium. In other words, permittivity isveeasure of how an electric field affects, and is affected -

! X . g . : L ; CRORCECAST RS
by, a dielectric medium. The permittivity of a medium debes how much electric field (more correctly, flux) is ® P
, , , : ) SO i s , SERERNER,
generated' per unit charge in that medium. More electuix éixists in a medium with a low permittivity (per unit —
charge) because of polarization effects. Permittivityiiecatly related to electric susceptibility, which is a mesas PR et

of how easily a dielectric polarizes in response to an dtefigld. Thus, permittivity relates to a material's alyilit PP PO
to resist an electric field and "permit” is a misnomer. @D PO ® @

In Sl units, permittivitye is measured in farads per meter (F/m); electric susceipfikils dimensionless. They are ' A dielectric medium showing

related to each other through orientation of charged
particles creating polarization
e=¢eco = (14 x)eo effects. Such a medium can
have a higher ratio of electric
wherez, is the relative permittivity of the material, amg = 8.8541878176.. x 18?F/m is the vacuum flux to charge (permittivity)
permittivity. than empty space
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Explanation

In electromagnetism, the electric displacement fl2lckpresents how an electric fiekdinfluences the organization of electric charges in a given
medium, including charge migration and electric dipolerie@ation. Its relation to permittivity in the very simpdase oflinear, homogeneous,
isotropicmaterials with'instantaneous" responge changes in electric field is

D=cE
where the permittivity is a scalar. If the medium is anisotropic, the permittivitisecond rank tensor.
In general, permittivity is not a constant, as it can vanhwtiite position in the medium, the frequency of the field aggblihumidity, temperature,

and other parameters. In a nonlinear medium, the perntjtti@in depend on the strength of the electric field. Pewitijtas a function of
frequency can take on real or complex values.

In Sl units, permittivity is measured in farads per meten{ef Az & kg'l- m'3). The displacement fiel® is measured in units of coulombs per

square meter (C/?m, while the electric fielcE is measured in volts per meter (V/nb).andE describe the interaction between charged objéxts.
is related to theharge densitieassociated with this interaction, whieis related to théorcesandpotential differences
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Vacuum permittivity

The vacuum permittivity, (also calledpermittivity of free space or theelectric constan) is the ratioD/E in free space. It also appears in the
Coulomb force constank, = 1/(4re).

Its value i$!

1 1 F
o 35950207149.47270567 m

de

Zp=

-

~ 8.8541878176... x 1072 F/m

where

Cp is the speed of light in free spa@é,

H, is the vacuum permeability.

Constants, andu, are defined in Sl units to have exact numerical values,isgifesponsibility of experiment to the determination af theter

and the amper@] (The approximation in the second valuesgfabove stems from being an irrational number.)

Relative permittivity

The linear permittivity of a homogeneous material is ugugiven relative to that of free space, as a relative pewititi, (also called dielectric

constant, although this sometimes only refers to the stagio-frequency relative permittivity). In an anisotropaaterial, the relative permittivity
may be a tensor, causing birefringence. The actual pevitytis then calculated by multiplying the relative perrivity by

€ = &g0 = (1 + x)e0,
wherey (frequently writteny,) is the electric susceptibility of the material.

The susceptibility is defined as the constant of propodiityi(which may be a tensor) relating an electric fi@ldo the induced dielectric
polarization density such that

P = soxE,
wheree is the electric permittivity of free space.

The susceptibility of a medium is related to its relativerpigivity ¢, by
x =g — 1.
So in the case of a vacuum,
x=0.
The susceptibility is also related to the polarizabilityirmdividual particles in the medium by the Clausius-Mosgetation.
The electric displacememt is related to the polarization densiyby
D =¢cE+P =¢ey(l + x)E = c5E.

The permittivitye and permeabilityt of a medium together determine the phase velocityc/n of electromagnetic radiation through that medium:

1
=3

Dispersion and causality

In general, a material cannot polarize instantaneouslgspanse to an applied field, and so the more general forimnlas a function of time is

P(t) = 50[ \(t — )E(#) dt'

o0
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That is, the polarization is a convolution of the electridiat previous times with time-dependent susceptibilitgiy by y(At). The upper limit
of this integral can be extended to infinity as well if oneidey(At) = 0 for At < 0. An instantaneous response would correspond to a Deta
function susceptibility(At) =y 5(At).

It is convenient to take the Fourier transform with respedirhe and write this relationship as a function of frequerggcause of the convolution
theorem, the integral becomes a simple product,

P(w) = cox(w)E(w).

This frequency dependence of the susceptibility leadsmuency dependence of the permittivity. The shape of theeptibility with respect to
frequency characterizes the dispersion properties of titenal.

Moreover, the fact that the polarization can only depencherefectric field at previous times (i.e. effectivgliAt) = 0 for At < 0), a consequence
of causality, imposes Kramers—Kronig constraints on tleeaptibility(0).

Complex permittivity

As opposed to the response of a vacuum, the response of noaterials to external
fields generally depends on the frequency of the field. Titeiguency dependence
reflects the fact that a material's polarization does rep@ad instantaneously to an e=g'+ig" L
applied field. The response must alwaysch@sal(arising after the applied field)

which can be represented by a phase difference. For thismgasrmittivity is often ' dipolar G? T
treated as a complex function of the (angular) frequenchefapplied fieldw:

e — &(w) (since complex numbers allow specification of magnitude pimase). The
definition of permittivity therefore becomes

atomic

Doe ™! = A(w) Bpe ™", electronic

where

D, andE, are the amplitudes of the displacement and electric fields,

|
. 103 10° 10° 1012 1015
respectively, b - e S
microwave | infrared VIS | UV
i is the imaginary uniti® = 1. Frequency in Hz

A dielectric permittivity spectrum over a wide range of
frequenciese’ ande” denote the real and the imaginary part

of the permittivity, respectively. Various processes are
labeled on the image: ionic and dipolar relaxation, and atomic

The response of a medium to static electric fields is desdrly the low-frequency
limit of permittivity, also called the static permittivity (alsoep ):

gs = lim E(w).
w0 and electronic resonances at higher ener@ies.
At the high-frequency limit, the complex permittivity ismwnonly referred to as, .

At the plasma frequency and above, dielectrics behave asnggtals, with electron gas behavior. The static perniiftis a good approximation
for alternating fields of low frequencies, and as the fremyancreases a measurable phase differéremmerges betwedn andE. The frequency
at which the phase shift becomes noticeable depends on tatageand the details of the medium. For moderate fieldmgth &), D andE

remain proportional, and

_ Do
- &

£

= |e|€®.

Since the response of materials to alternating fields isathiarized by a complex permittivity, it is natural to segiarits real and imaginary parts,
which is done by convention in the following way:

Ew) = &'(w) +ie"(w) = % (cosd +isind).
0

where

&' is the real part of the permittivity, which is related to te®red energy within the medium;
&” is the imaginary part of the permittivity, which is relatemlthe dissipation (or loss) of energy within the medium;
dis the loss angle.

The choice of sign for time-dependence, exp(}, dictates the sign convention for the imaginary part ohp#ivity. The signs used here
correspond to those commonly used in physics, whereasda@rineering convention one should reverse all imaginaaytities.
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The complex permittivity is usually a complicated functiofifrequencyw, since it is a superimposed description of dispersion pimema
occurring at multiple frequencies. The dielectric funnti¢w) must have poles only for frequencies with positive imagirgarts, and therefore
satisfies the Kramers—Kronig relations. However, in theoa frequency ranges that are often studied in practieeptrmittivity can be
approximated as frequency-independent or by model fungtio

At a given frequency, the imaginary partsieads to absorption loss if it is positive (in the above signvention) and gain if it is negative. More
generally, the imaginary parts of the eigenvalues of theatropic dielectric tensor should be considered.

In the case of solids, the complex dielectric function igaitely connected to band structure. The primary quaritay tharacterizes the
electronic structure of any crystalline material is thelyadaility of photon absorption, which is directly relatedie imaginary part of the optical

dielectric functions(w). The optical dielectric function is given by the fundanaéraxpressior{?]
8m2e?

m2

6(@) =1+ =3 [ Weo (B) [p(tw — E) — p(hw + E)] da.

In this expression\V,, \(E) represents the product of the Brillouin zone-averagetsttian probability at the enerdy with the joint density of
stated®ll’] J. (B); ¢ is a broadening function, representing the role of scaigein smearing out the energy levéisin general, the broadening is

intermediate between Lorentzian and Gaus§iat! for an alloy it is somewhat closer to Gaussian because afigtsoattering from statistical
fluctuations in the local composition on a nanometer scale.

Tensorial permittivity

According to the Drude model of magnetized plasma, a morerg¢épxpression which takes into account the interactich®tarriers with an
alternating electric field at millimeter and microwavedteencies in an axially magnetized semiconductor requiregxpression of the

permittivity as a non-diagonal tensdr! (see also Electro-gyration).

a1 _1.52 0
D(w)=lics & 0|E(w)
0 0 ¢

If €2 vanishes, then the tensor is diagonal but not proportiantile identity and the medium is said to be a uniaxial mediuhickvhas similar
properties to a uniaxial crystal.

Classification of materials

Materials can be classified according to their complexxgdlpermittivitye, — - —
upon comparison of its real and imaginary" components (or, equivalently, Classification of materials based on permittivity

pomjuctivity,o-, \(vhen it's accpunted forin Fhe Iat_tgr).plerfect. conductohas 8r"/8r’ Current conduction Field propagation
infinite conductivity,oc=0, while aperfect dielectrids a material that has no
conductivity at allo=0; this latter case, of real-valued permittivity (or 0 perfect dielectric
complex-valued permittivity with zero imaginary compot)eia also lossless medium
associated with the nantessless medift?! Generally, whem/(ws') < 1we = 1 | low-conductivity material low-loss medium
consider the material to belaw-loss dielectriqnearly though not exactly poor conductor good dielectric
lossless), whereas(we’) > 1 is associated with good conductgrsuch ~1 | lossy conducting material lossy propagation medium
.ma.te.rials with non-rjegligible conductivity yield a largmaunt of- loss that - high-conductivity material high-loss medium
|nh|p|t the propagation of electromagnetic waves, th.usr.me sqld to béossy good conductor poor dielectric
media Those materials that do not fall under either limit are abered to be

0 perfect conductor

general media.

Lossy medium

In the case of lossy medium, i.e. when the conduction cuisemit negligible, the total current density flowing is:
Jit =Je+Jy=0F —iwe' B = —wFE

where

o is the conductivity of the medium;
&' is the real part of the permittivity.
£ is the complex permittivity

The size of the displacement current is dependent on thadreyo of the applied fieldg; there is no displacement current in a constant field.

In this formalism, the complex permittivity is defined gl
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E=¢c+1

]9

In general, the absorption of electromagnetic energy bigcliecs is covered by a few different mechanisms that arilce the shape of the
permittivity as a function of frequency:

= First, are the relaxation effects associated with permizareshinduced molecular dipoles. At low frequencies thalfiHanges slowly enough
to allow dipoles to reach equilibrium before the field hasaswrably changed. For frequencies at which dipole oriemtstannot follow the
applied field because of the viscosity of the medium, aktsmmf the field's energy leads to energy dissipation. Tleemanism of dipoles
relaxing is called dielectric relaxation and for ideal dgmis described by classic Debye relaxation.

= Second are the resonance effects, which arise from théammdadr vibrations of atoms, ions, or electrons. These msegare observed in the
neighborhood of their characteristic absorption freqiesnc

The above effects often combine to cause non-linear effeititin capacitors. For example, dielectric absorptiorreto the inability of a
capacitor that has been charged for a long time to compldietharge when briefly discharged. Although an ideal capawould remain at zero
volts after being discharged, real capacitors will develgmall voltage, a phenomenon that is also calleakageor battery action For some
dielectrics, such as many polymer films, the resultingagdt may be less than 1-2% of the original voltage. Howevearitbe as much as 15 -
25% in the case of electrolytic capacitors or supercapacito

Quantum-mechanical interpretation
In terms of quantum mechanics, permittivity is explainedabymic and molecular interactions.

At low frequencies, molecules in polar dielectrics are gk by an applied electric field, which induces perioditations. For example, at the
microwave frequency, the microwave field causes the pariadation of water molecules, sufficient to break hydnodpnds. The field does
work against the bonds and the energy is absorbed by theiatagheat. This is why microwave ovens work very well for enetls containing
water. There are two maxima of the imaginary component (tisemptive index) of water, one at the microwave frequenng,the other at far
ultraviolet (UV) frequency. Both of these resonances at@gtter frequencies than the operating frequency of micvevevens.

At moderate frequencies, the energy is too high to causéaniyet too low to affect electrons directly, and is absatin the form of resonant
molecular vibrations. In water, this is where the absogpindex starts to drop sharply, and the minimum of the imagiparmittivity is at the
frequency of blue light (optical regime).

At high frequencies (such as UV and above), molecules caetet, and the energy is purely absorbed by atoms, excitéajren energy levels.
Thus, these frequencies are classified as ionizing radiati

While carrying out a completab initio (that is, first-principles) modelling is now computatidiggossible, it has not been widely applied yet.
Thus, a phenomenological model is accepted as being an atgempethod of capturing experimental behaviors. The Delnaehand the Lorentz
model use a 1st-order and 2nd-order (respectively) lumpste i parameter linear representation (such as an RC and@mesonant circuit).

Measurement

The dielectric constant of a material can be found by a wagkstatic electrical measurements. The complex perrnitittis evaluated over a wide

range of frequencies by using different variants of diglecpectroscopy, covering nearly 21 orders of magnitudlmflo_6 to 10'° Hz. Also, by
using cryostats and ovens, the dielectric properties ofdiunecan be characterized over an array of temperaturesdér to study systems for
such diverse excitation fields, a number of measuremeunpsetre used, each adequate for a special frequency range.

[14]

Various microwave measurement techniques are outlinethénét al.'"™ Typical errors for the Hakki-Coleman method employing akpoftc

material between conducting planes are about J%8b6.

= Low-frequency time domain measurements'f"l[l)o3 Hz)

= Low-frequency frequency domain measurements'r(-]](ln6 Hz)
= Reflective coaxial methods (?{1010 Hz)

= Transmission coaxial method (‘iuo“ Hz)

= Quasi-optical methods (f()lolo Hz)

= Terahertz time-domain spectroscopyj(iao13 Hz)

= Fourier-transform methods (1’01015 Hz)

Atinfrared and optical frequencies, a common techniqudlisemetry. Dual polarisation interferometry is also d$e measure the complex
refractive index for very thin films at optical frequencies
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See also

= Acoustic attenuation

= Density functional theory

= Electric-field screening

= Green-Kubo relations

= Green's function (many-body theory)
= Linear response function

= Rotational Brownian motion

= Electromagnetic permeability
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