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Human minds are always curious about the different of colors that exist in nature. A number of

efforts has been made to describes the origin of colors in different materials. Till now the explanations

are mostly based on using reflectivity and emissivity of the materials using classical phenomenological

models. In this paper we will discuss about the origin of color using the Brillouin zones and

Bragg’s diffraction conditions and will show that the origin of color is purely arises due to quantum

mechanical effect. We will also show that the origin of finite conductivity in any material at an

arbitrary electrochemical potential is also arises due to quantum mechanical effect. We will also

show that the origin of anisotropy in conductivity and in effective mass of electron in any metal are

arises due to the quantum mechanical effect as well.

PACS numbers:

I. INTRODUCTION

In nature different materials have different colors.

Question arises that what decides the color of any mate-

rial. The conventional answer that has been mentioned

in almost all solid state physics book is the reflectivity

or the complementary color that arise after absorption

or emissivity of the material. Question arises that why

metals shows reflectivity/emissivity if one consider free

electron gas theory model? Not only this, a mysterious

question arises that why almost all metals except (Cu, Au

and Zn) have more or less the same color (grey). Before

addressing this problem, let see how particle get excited

and travel from one Brillouin zone into others when light

shine on it. First, we will classify the energy bands or

the Bloch states into different Brillouin zones. To elab-

orate this concept further we will use the real space one

dimensional lattice. Real space one dimensional lattice

is transforms into one dimensional lattice in k-space (in-

verse space)1. If one plot the energy E versus k diagram

along the points c to d, then the energy E follows the

E(k) = ~2k2

2m , till the first Bragg’s plane which present in

the middle of c and d points. Once the particle encounter

the first Bragg’s plane, band-gap opens at the encounter

point in k-space. Since real-space one dimensional lattice

are also one dimensional lattice in k-space and it is infi-

nite, therefore, point c and point d are identical in nature.

So, once we plot the energy-band along the c − d direc-

tion from the point c (take c point as a origin), then we

move from c point and approaches towards the d-point.

The uniqueness of space only remains till the middle of

the c and d point. Because, for a infinite lattice c-point,

and d-point are identical. Once we further move from the

middle of the c and d points then we start approaching

towards the d-point. Since c and d points are the iden-

tical points due to infiniteness of the 1 − d lattice, we

can indirectly say that we start approaching towards the

c points and thus the energy-band from the middle of c

and d points towards the d-point can be plotted between

b and c points. The only thing is that the energy-band

will start from the middle of the b and c- points and will

move towards c-point (see in Figure 1). Such energy-band

construction are called reducible Brillouin zones energy-

band construction. We can fold back the energy-band

which resides between the b and c-points into the c and

d-points, then it this process is called the energy-band

construction in irreducible Brillouin-zones (see in Figure

2). In figure 1 the reddish-yellow arrow lines represents
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FIG. 1: Bragg’s plane and the un-folded bands-structure in

reducible Brillouin zone for one dimensional lattice. The red

star points represented as a, b, c, d, and e, are the lattice

points and vertical dotted blue lines are the different Bragg’s

planes. V is the Bragg’s diffraction potential. 1 and 2 repre-

sents 1st and 2nd Brillouin zones. Moving arrows indicate the

direction in which the particle will climb the energy path once

wave-vector k increases along the same direction. B, stand for

the dimension of the first Brillouin zone in k-space.

that how the particle climb on the energy path once the

wave-vector k increases (for more detail, read Ashcroft

and Mermin, chapter 9, page 161-162, section the energy

gap3). Also, the number on the top of energy-bands rep-

resents the Brillouin zones in which bands are reside.

II. COLOR IN SIMPLE CUBIC CRYSTAL

STRUCTURE

The real space simple cubic crystal structure transform

in to a simple cubic crystal structure in k (inverse-space)

space. For example the real space principal direction
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FIG. 2: Bragg’s plane and the folded bands-structure in ir-

reducible Brillouin zone for one dimensional lattice. 1st BP

and 2ndBP stand for the first Brillouin zone and the second

Brillouin zone planes. V represents the Bragg’s diffraction

potential and blue dotted vertical lines represents the differ-

ent Bragg’s planes. B, stand for the dimension of the first

Brillouin zone in k-space.

vector ~a1 = ax̂, ~a2 = aŷ, and ~a3 = aẑ transform into

k-space principal direction vector ~b1 = 2π
a k̂x, ~b2 = 2π

a k̂y,

and ~b3 = 2π
a k̂z (see in Figure 3). For convenient, we will

drop the hat from the unit vector in k-space and will

treat k̂x = kx, k̂y = ky, and k̂z = kz on same footing.

The principal direction x, y and z transform into the

principal direction kx, ky, and kz in inverse-space.

In simple cubic crystal structure, all the three principal

direction (x, y, z) in real space or (kx, ky, kz) in k-space

denoted by (b1, b2, b3) (see in Figure 3) are equivalent,

and thus the total energy E versus k plot along the b1, b2

and b3 direction will be the same. There is strong Bragg’s

plane diffraction by single Bragg’s plane present at X

point when particle move form Γ to X direction. The



3

FIG. 3: First Brillouin zone of simple cubic crystal

structure1.

similar single Bragg’s plane are also present along the Γ

to Y (b2) and along the Γ to Z (b3) direction as well. The

presence of single Bragg’s plane along all the three prin-

cipal direction at the high symmetry (X, Y, Z) points

opens the band-gap. We see that band-gap opens along

all the three principal directions kx, ky and kz in inverse

space or x, y and z direction in real space. Simple cubic

crystal structure uses b1 or b2 or b3 directions during exci-

tations. In simple-cube, particle absorb the light energy

(photon energy must be greater than or equal to band-

gap energy) during excitation and goes from the first Bril-

louin zone into the second Brillouin zone after crossing

the band-gap which present along the Γ to X direction

(see in Figure 3). When system de-excited then particle

goes from second Brillouin zones into the first Brillouin

zone after releasing energy equal to the band-gap energy.

If the electrochemical potential energy (Fermi energy)

is greater than the first or the second Brillouin zone en-

ergy then particle goes from the current residing Brillouin

zone into the next connected Brillouin zone in the same

direction after crossing the band-gap (this band-gap will

arise due to single Bragg’s plane diffraction which present

FIG. 4: First Brillouin zone of bcc crystal structure1

between the current and the next connected Brillouin

zones). When system de-excited then particle will go

back to it original Brillouin zone after releasing energy

equal to the band-gap energy.

Also, since every semiconductor and insulator have the

band-gap and electrochemical potential energy (Fermi

energy) lies in the middle of the band-gap, therefore, if

semiconductor or insulators have not been doped either

by the p-type or n-type dopants very heavily, then semi-

conductor and insulator will also use the same principle

for it reflectivity and color in nature.

III. COLOR IN bcc CRYSTAL STRUCTURE

The real space bcc crystal structure transform into fcc

crystal structure in k-space. The principal direction vec-

tor ~x, ~y and ~z transform into ~kx, ~ky and ~kz in k-space.

in real space ~a1 = a
2 (x̂ + ŷ − ẑ), ~a2 = a

2 (ŷ + ẑ − x̂),

and ~a3 = a
2 (ẑ + x̂− ŷ) transform into ~b1 = 2π

a (k̂x + k̂y),

~b2 = 2π
a (k̂y + k̂z), and ~b3 = 2π

a (k̂z + k̂x) in k space.

In real space bcc crystal structure, the relation be-

tween body-diagonal, principal-direction and face-center-
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diagonal are a
√
3

2 < a < a
√

2. In k space the same re-

lation transform into π
a

2√
3
> π

a > π
a

1√
2
. The principal

direction (x, y, z) of real space of bcc are pointing along

the Γ to H direction. Real space body-diagonal is point-

ing along Γ to N direction in k-space. Real space face-

diagonal is pointing along the Γ to P direction (see in

Figure 4). If we plot the total energy E versus k along

the Γ to H direction, then we see that the total energy E

follows the relations E(k) = ~2k2

2m till the H point reaches.

Once the H point reaches and if we further increase k in

a same direction , then we see that particle encounter 4

Bragg’s planes at H point. When particle goes from the

first Brillouin zone into the fifth Brillouin zone along Γ

to H direction, then it will get diffracted by all the four

Bragg’s plane but band-gap does not open at H point

due to more than one Bragg’s planes diffractions present

at H point. Since Γ to H direction are the principal di-

rections (x, y, z in real space) and bcc crystal structure

have no band-gap along this direction, we conclude that

bcc crystal structure will be metallic in nature. Similarly,

if we plot the total energy E versus k diagram along the

Γ to P direction, then we see that along this direction

as well the band-gap will not open at P point, because,

when particle crosses P point and move along the same

direction, then it get diffracted by three Bragg’s plane

at P point, therefore, particle will smoothly make tran-

sition from first Brillouin zone into fourth Brillouin zone

and thus, bcc crystal structure will be metallic along Γ

to P direction as well. If we plot the total energy E

versus k along the Γ to N direction, then we see that

particle follows E(k) = ~2k2

2m till the N point. Once the

particle reaches at N point and if we further increase k

along the same direction, then we see that particle get

strongly diffracted by single Bragg’s plane present at N

point when it tries to cross from the first Brillouin zone

into the second Brillouin zone, and thus the band-gap will

be opened at N point. So, bcc crystal structure will be

insulator along the Γ to N direction. Since Γ to N direc-

tion represent body diagonal in real space, which is also

the closest packed direction for bcc crystal, we see that

bcc crystal uses Γ to N direction as excitation direction

when light shine on it and it give reflectivity/emissivity

after de-excitation. Since all bcc crystal structure uses the

Γ to N direction for their reflectivity/emissivity, there-

fore, their color should be the same if lattice parame-

ters are more-or-less same. Because, lattice parameter

indirectly decide the strength of Bragg’s plane diffrac-

tion. bcc crystal structure with smaller lattice parameter

will give stronger Bragg’s plane diffractions and will open

larger band-gap compare to the larger lattice parameter

bcc crystal structure. So in principle, bcc crystal struc-

ture color should be varied from the lower wavelength

(for smaller lattice parameter) to the higher-wavelength

(larger lattice parameter). In bcc crystal structure, par-

ticle absorb photon (photon energy must be greater or

equal to the band-gap energy which present along the

Γ to N direction at N point) and travel along the real

space body diagonal. Since particle energy is more than

the band-gap energy it cross the first Brillouin zone and

enter into the second Brillouin zone. When bcc crystal

structure de-excite then particle travel back from the sec-

ond Brillouin zone into the first Brillouin zone by moving

along the N to Γ direction, after releasing photon energy

equal to the band-gap energy which present at N point.

Since this photon energy is equal to the band-gap en-

ergy, therefore, if band-gap is same (more-or-less) for all

bcc crystal structure at N point, then the photon energy

will also be the same. The consequence of this is that, all

the bcc crystal structure then must have the almost same

reflectivity/emissivity or the same color in nature. In

principle, the band-gap should be the function of crystal-

structure and it lattice parameter. Generally, band-gap

should inversely proportionally to the lattice-parameter,

because band-gap depends upon the strength of diffrac-

tion by the single Bragg’s plane present along the Γ to

N direction, which indirectly depends upon the lattice

parameter (smaller the lattice parameter is, greater the

strength of single Bragg’s plane diffraction to diffract the
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two energy states apart). So, smaller lattice parameter

should have higher band-gap, whereas larger lattice pa-

rameter should have the smaller band-gap, and it should

vary continuously as the lattice parameter varies. The

photon energy (reflected or emitted colors) that release

after the de-excitation of the crystal structure should also

be varied continuously as band-gap varies. If we see the

table I, then we can conclude that it is indeed the case;

and the color-wavelength of bcc metals are inversely pro-

portional to it lattice parameter. In table I iron with

smallest lattice parameter has silvery-grey color, whereas

cesium, with longest lattice parameter has silvery-gold

color. The silvery-grey color has higher energy and thus

correspond to the large band-gap, whereas silvery-gold

color has smaller energy and correspond to smaller band-

gap. Since bcc crystal structure lattice parameter varies

between 2.87Å to 6.05Å, so in principle color should also

be varied between the silvery-grey to silvery-gold. If we

see the bcc table closely (see in table I), then we see that

most of the bcc crystal structure have silvery-white color.

The reason could be the limitation of our eyes to distin-

guish the observed overlapping colors in bcc crystal flame

test experiment.

IV. COLOR IN fcc CRYSTAL STRUCTURE

The real space fcc crystal structure remain fcc crys-

tal structure in k space. The real space principal di-

rection vector ~x, ~y and ~z transform into, ~kx, ~ky and

vector ~kz in k-space. The real space ~a1 = a
2 (x̂ + ŷ),

~a2 = a
2 (ŷ + ẑ), and ~a3 = a

2 (ẑ + x̂) vectors transform

into, ~b1 = 2π
a (k̂x − k̂y + k̂z), ~b2 = 2π

a (k̂x + k̂y − k̂z),

and ~b3 = 2π
a (−k̂x + k̂y + k̂z) in k-space. In fcc crystal

structure the relation between face-diagonal, principal-

direction and body-diagonal are a√
2
< a < a

√
3. In k-

space the same relation transform into π
√
2

a > π
a > π

a
√
3
.

The real space principal direction vectors (x, y, z) of fcc

crystal structure points along the Γ to W direction in

k-space (see in Figure 5). The real space body diagonal

Metal Lattice-parameter (Å) Color

Fe 2.87 silvery-grey

Cr 2.88 ”

V 3.02 ”

Mo 3.16 silvery-white

W 3.16 ”

Ta 3.31 ”

Li 3.49 ”

Na 4.23 ”

Eu 4.61 ”

Ba 5.02 ”

K 5.23 lilac

Rb 5.59 (red-violet)

Cs 6.05 silvery-gold

TABLE I: bcc metal lattice parameter, and reflective color

3, 1.

FIG. 5: First Brillouin zone of fcc crystal structure1.

vector of fcc crystal structure points along the Γ to L di-

rection. The real space face diagonal vector of fcc crys-

tal structure points along the Γ to X direction in k space

Brillouin zone. Now, plotting the E versus k plot along

the Γ to W direction suggest that the total energy of par-

ticle varies with E(k) = ~2k2

2m in first Brillouin zone until
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it reaches the W -point. Once it reaches the W -point, and

if we further increases the wave-vector k along the same

direction then the particle enter into the fourth Brillouin

zone after crossing three Bragg’s planes which present at

W point. Since particle has gone from the first Brillouin

zone into the fourth Brillouin zone after crossing the three

Bragg’s plane, therefore, no band-gap will open at the

crossing point (W ). Since Γ to W direction is the princi-

pal direction (x, y, z) of fcc crystal structure, therefore,

fcc crystal structure must be metallic in nature. The

same can be concluded along the Γ to K direction in k-

space, because, particle energy varies E(k) = ~2k2

2m along

the Γ to K direction in first Brillouin zone till K point

reaches, after that if we further increase the wave-vector

k along the same direction (Γ to K) then we encounter

two Bragg’s plane meeting at K point which will diffract

particle but band-gap will not open, because, particle has

encounter more than one Bragg’s planes during cross-

ing from the first Brillouin zone into the third Brillouin

zone. For the fcc crystal structure the real space body

diagonal vector points along the Γ to L direction. If we

plot the total energy E versus k diagram along the Γ

to L direction then we see that particle energy follows

E(k) = ~2k2

2m till the L point reach. Once the L point

reaches and if we further increase wave-vector k value

along the same direction (Γ to L), then the particle en-

counter single Bragg’s plane diffraction at L point while

it crossing from the first Brillouin zone into the second

Brillouin zone. Since particle encountered single Bragg’s

plane diffraction at L point while it crossing from first

Brillouin zone into the second Brillouin zone, we have

concluded that the fcc crystal structure will be insulator

along the real space body-diagonal. The real space face

diagonal vector of fcc crystal structure is points along

the Γ to X direction. If we plot the total energy E ver-

sus k diagram along the Γ to X direction, then we see

that it follows E(k) = ~2k2

2m till X point, but once we

further increase k along the same direction, then we see

that particle cross single Bragg’s plane at X point, and

get diffracted strongly by the single Bragg’s plane, and

thus band-gap open at X-point. The strength of the

Bragg’s plane diffraction which indirectly depends upon

the lattice-parameter will decide the magnitude of the

band-gap. The presence of band-gap along Γ to X di-

rection play a very decisive role in reflectivity/emissivity

(color of the fcc crystal structure). It suggest that the

fcc crystal structure should have more or less the same

color in nature if all fcc crystal structure have similar

lattice-parameter. It also suggest that when we shine

light on fcc crystal structure, then particle travel along

the real space face diagonal for the accommodation of

the excitation energy. Particle absorbs the photon whose

energy must be greater than or equal to the band-gap en-

ergy which present along the Γ to X direction. Since par-

ticle energy is greater than the band-gap energy it cross

the first Brillouin zone and enter into the second Bril-

louin zone. When crystal structure de-excite, then parti-

cle move back from the second Brillouin zone into the first

Brillouin zone by moving along the X to Γ direction after

releasing the photon energy equal to the band-gap energy.

Since this photon energy is equal to the band-gap energy,

therefore, if band-gap is same (more-or-less) for all fcc

crystal structure along the Γ to X direction, then photon

energy will also be the same. The consequence of this is

that all the fcc crystal structure then must have the al-

most same reflectivity/emissivity or the same color. The

band-gap should be the function of crystal-structure and

it lattice parameter. Smaller lattice parameter should

have higher bad-gap, whereas, larger lattice parameter

should have the smaller bad-gap and it should vary con-

tinuously as lattice parameter varies. Photon energy (re-

flected/emitted colors) that release after de-excitation of

the crystal structure should also varies continuously as a

function of the band-gap. If we see the table II, then we

can conclude that fcc crystal follows this trend. Ni with

smallest lattice parameter has silver-white color, whereas

Sr with highest lattice parameter has red color. What

we can conclude with our discussion is that the fcc crys-
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Metal Lattice-parameter (Å) Color

Ni 3.52 silver-white

Cu 3.61 reddish-orange

Rh 3.80 silver-white

Ir 3.84 ”

Pd 3.89 ”

Al 4.05 ”

Au 4.08 reddish-yellow

Ag 4.09 silver-white

Pb 4.98 ”

Th 5.08 ”

Ce 5.16 ”

Ac 5.31 ”

Yb 5.49 ”

Ca 5.58 pale-yellow

Sr 6.08 red

TABLE II: fcc metal lattice parameter, and reflective color

3, 1.

tal structure more-or-less have the same color in nature

due to the similar band-gap which present at X point

or along the Γ to X direction for higher electrochemical

potential energy (Fermi energy) in k-space. The only ex-

ception is with Au, Cu and hcp Zn(see hcp section). The

reason for exception of these element are probably lies

in their full d-shell which somehow reduce the strength

of first Bragg’s plane diffraction present at X point or

along the Γ to X direction for higher energy (more than

the first Brillouin zone energy), and thus in these cases,

crystal structure have smaller band-gap or higher wave-

length photon (mostly yellow or red color for Cu and Au

case, while even the higher wavelength (almost no visible

color) for Zn case) which come after the de-excitation of

the crystal structures.

V. COLOR IN hcp CRYSTAL STRUCTURE

The real space hcp crystal structure transform into the

hcp crystal structure in k space as well but new hcp crys-

FIG. 6: First Brillouin zone of hcp crystal structure1.

tal structure get rotated about the z axis in k-space (see

in Figure 6). The real space principal direction vector

~a1 = ax̂, ~a2 = a
2 x̂+

√
3a
2 ŷ, and ~a3 = cẑ transform into k-

space principal direction vector as ~b1 = 2π√
3a

(
√

3k̂x− k̂y),

~b2 = 4π√
3a
k̂y, and ~b3 = 2π

c k̂z. In k space, the principal

direction vectors are pointing along the Γ to K and Γ to

A directions. As we have discussed in our previous pa-

per “impossibility of the simple cubic metal in nature”2

that distorted ( ca ratio must not be equal to the ideal

value,
√

8
3 ) hcp crystal structure should be metallic with

no band-gap along the principal directions, namely, Γ to

K, and Γ to A directions. However, there is a band-gap

present at M point along Γ to M direction due to sin-

gle Bragg’s plane diffraction. This band-gap play a very

crucial role in deciding the reflectivity/emissivity or color

of the hcp crystal structure in nature. The hcp crystal

structure color decides through the excitation along the

Γ to M direction. Particle absorb the photon energy

and move along the Γ to M direction after crossing the

band-gap. Once the hcp crystal de-excite then the par-

ticle move back from exciting position to its non-excited

original position, again by crossing the band-gap. Dur-

ing this process a photon will release whose energy will

be exactly equal to the band-gap energy. This photon

will act like a signature of the individual hcp material.

Also the photon energy should vary as a function of lat-

tice parameter, because the magnitude of the band-gap
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depends upon the strength of single Bragg’s plane diffrac-

tion which indirectly depends on the lattice parameter.

The hcp crystal structure with smaller lattice parameter

should have larger band-gap compare to the large lattice

parameters. If we see the lattice parameter versus the

color columns in table III, then we can conclude that the

smaller lattice parameter belongs to the lower wavelength

of photons. Since most of the hcp crystal structure have

almost the same lattice parameter, therefore we have con-

cluded that hcp crystal structure should have the similar

color in nature.

VI. FINITE CONDUCTIVITY

Now let turn our attention towards the finite conduc-

tivity of any material at an arbitrarily electrochemical

potential applied across it. We have chosen this prob-

lem because in Ashcroft and Mermin at page 1323 it

is mentioned that “These imperfection are all of great

importance. They, are for example, ultimately responsi-

ble for the fact that the electrical conductivity of met-

als is not infinite”. In the same page Ashcroft and

Mermin mention that “Real solids are never absolutely

pure”. In other words, according to Aschcroft and Mer-

min, no perfect crystal structure is possible in nature.

Indirectly they are suggesting that the x-ray diffraction

on any crystal structure will never have the perfect pe-

riodic patterns. They further wrote “We emphasize

to the outset that perfect periodicity is an idealization.

Real solids are never absolutely pure, and in the neigh-

borhood of the impurity atoms the solid is not the same

as else where in the crystal. Furthermore, there is al-

ways a slight temperature-dependent probability of finding

missing or misplaced ions that destroy the perfect trans-

lational symmetry of even an absolutely pure crystal. Fi-

nally, the ions are not in fact stationary, but continu-

ally undergo thermal vibrations about their equilibrium

position”. Ashcroft and Mermin “desperation′′ to prove

flaw in the nature material is quite understandable, be-

Metal Lattice-parameter (Å) Color

Be 2.29 steel-grey

Co 2.51 blue

Zn 2.66 bluish-green

Ru 2.70 silver-grey

Tc 2.74 ”

Os 2.74 ”

Re 2.76 ”

Ti 2.95 ”

Cd 2.98 ”

Hf 3.20 ”

Mg 3.21 ”

Zr 3.23 ”

Sc 3.31 ”

Tl 3.46 ”

Lu 3.51 ”

Tm 3.54 ”

Er 3.56 silver-white

Ho 3.58 ”

Dy 3.59 ”

Tb 3.60 ”

Gd 3.64 ”

Y 3.65 ”

Nd 3.66 ”

Pr 3.67 ”

La 3.75 ”

Te 4.45 ”

TABLE III: hcp metal lattice parameter and color 3, 1.

.

cause, under the free electron gas model it is impossible

to prove that metal has finite conductivity if there are

no imperfections in crystal structure. It seems that on

certain extent Ashcroft and Mermin are sure that na-

ture follows the free electron gas model even after failure

to explain many physical observation, namely: the hall

coefficient, the magneto-resistance, the sign of the ther-

moelectric field, the wiedemann-franz law at intermediate

temperature, temperature dependence of the DC electri-

cal conductivity, directional dependence of the DC elec-
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FIG. 7: 2-d Brillouin zone of square lattice5.

trical conductivity, AC conductivity, color of copper and

gold, linear term in the specific heat for transition met-

als, cubic term in the specific heat, the compressibility of

many metals4. What we will do in this section is that

we will use nature’s rules and will put the different lines

of thought. Nature follows three rule : (1), full Bril-

louin zones analysis for electronic, magnetic, and optical

property of any crystal structure. (2), diffraction from

Bragg’s planes. (3), placing the particles (electrons) in

different Brillouin zone using well defined rule. To decode

nature’s third rule, we will use band-structure of mate-

rial coming after density functional theory calculation.

We can only construct Brillouin zone if crystal is very

pure and perfect. We can only see perfect periodicity in

x-ray diffraction pattern by the Bragg’s planes if crystals

are very pure and perfect. If crystals are not very pure

and perfect then there will be diffractions but no periodic

patterns will appear. Third, we can only apply density

functional theory if crystal is pure and perfect. So, we

are using nature’s three rule which is only valid if crystal

is very pure and perfect.

Till now we have always plotted the total energy E

versus k diagram along the high symmetry point in the

first Brillouin zones of k-space. If we closely look the

bands at the high symmetry point then we can see that

the bands are very smooth and flat. If we take the first

derivatives of total energyE(k) with respect to k at each

point along the principal direction or along any other

high symmetry point directions, then we see that gra-

dient of energy with respect to k from the Γ point to-

ward the high symmetry point start with zero value and

then increases till mostly middle of the path, and then

after that gradient starts deceasing and finally become

zero at the high symmetry point (see for example iron

band along Γ to H in figure 8). The first gradient of

total energy E(k) with respect to k, ∂E
∂k multiply by 1

~

along the high symmetry line direction will give us the

particle group velocity through which it climb the en-

ergy path along the band. If we calculate the particle

group velocity in the iron band structure (see in Figure 8)

along the Γ to H direction, then we see that the particle

group velocity start increasing from zero (at Γ) onwards,

means accelerating. It happens till nearly the middle of

the path and then de-acceleration till the high symmetry

point H reaches where energy gradient with respect to

wave-vector k becomes zero. Zero energy gradient im-

plies that the particle group velocity becomes zero at H

point. At H point particle has been diffracted by three

Bragg’s planes. If we further increase k and travel in the

same direction then the particle will enter into the fourth

Brillouin zone with effectively zero velocity. And then it

accelerate again till the middle of the fourth Brillouin

zone, after that de-accelerate again until it reaches the

next high symmetry point along the same direction. Af-

ter that particle will enter into the seventh Brillouin zone.

This acceleration and de-acceleration process repeats in

each Brillouin zone. Also, if we see figure 7, then we

can conclude that as the k vector increases and become

large, then the particle reaches into the higher Brillouin

zone which is spatially distributed around the Γ point in

k-space. So, only fraction of the Brillouin zone remain in

the transport direction (see in Figure 7). Means, higher
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Brillouin zones are geometrically very constrained. In

geometrical constrained Brillouin zones particle effective

mass m =

(
~2

∂2E
∂k2

)
will become higher (not easy to move

due to geometrically constrained space). In geometri-

cally constrained Brillouin zones particle has high mo-

mentum ~k but since mass is also large, the ratio ~k
m , will

be smaller and thus finite conductivity arises. So, as the

particle energy increase then particle goes into the higher

Brillouin zone (along the same traveling direction) which

is geometrically constrained and thus the effective mass

of the particle in that Brillouin zone will be larger; con-

sequently, particle traveling velocity will become smaller

(it can be found with the slope of band-structure present

in that part of Brillouin zone). What we are conclud-

ing with our discussion is that, as the particle energy

increases, the particle enter in to the next Brillouin with

almost zero velocity, and also leaves that Brillouin zone

with zero velocity (goes into next connected Brillouin

zone along the same direction). Once the particle en-

ter in any Brillouin zone it first accelerate till middle of

the Brillouin zone, and then start de-accelerates till the

next high symmetry point where it group-velocity be-

comes zero again (energy band is perfectly flat at this

point). Thus middle point of the Brillouin zones are act-

ing as a inflection point for particle group velocity and it

accelerations. So, no matter how big electrochemical po-

tential has been applied across the material, particle will

keep accelerating and de-accelerating during it journey in

higher Brillouin zones with higher effective mass. If one

keep increasing applied electrochemical potential then a

time will come when particle will be in higher Brillouin

zone which is geometrically very constrained and particle

will find extremely spatially constrained with high mo-

mentum (~k). Consequently, the effective mass of the

particle will become very large, and it effective traveling

velocity probably becomes zero, and thus no conductiv-

ity will be observed. But, it seems that this process will

happen at very high wave-vector k and in very high Bril-

louin zones. Probably this is the precise reason that why

metal conductivity decrease as a function of higher elec-

trochemical potential or temperature, because particle

(Fermi electron) in metal goes from lower Brillouin zone

(first) which is not very geometrically constrained (be-

have like free electron gas with smaller effective mass) to

a higher Brillouin zones which is geometrically very con-

strained (higher effective mass). So, although, particle

has higher momentum vector ~k, but due to higher ef-

fective mass, the effective group velocity ~k
m decreases.

Whereas, in semi-conductor or in an insulator higher

Brillouin zones are more or less have the same geomet-

rical constrained as the lower Brillouin zones and thus

group velocity increases as the electrochemical potential

increases. Thus conductivity increases in insulator or

in semiconductor as a function of electrochemical poten-

tial or temperature, while in case of metal it decreases.

The reason for decreasing the conductivity is due to ge-

ometrical constrains of Brillouin zones which effectively

increases the effective mass in metals, while in semicon-

ductor or insulator the effective mass more or less remain

the same (it can be verified or can be calculated by tak-

ing the second derivatives of bands which are present in

the higher Brillouin zones). Thus, any material should

have the finite conductivity at any electrochemical po-

tential applied across it. Also, the flatness of the band

structure at high symmetry point are very fundamental

for every material or crystal structure and it arises due

to the diffraction by the multiples Bragg’s planes which

are present at the high symmetry points.

To explain the anisotropic conductivity of metals, we will

use the band structure which come after density func-

tional theory calculation. We will use the iron band

structure without losing any generality. In ground state

iron has bcc crystal structure. First we will classify the

iron bands or the Bloch states into the different Brillouin

zones (see in Figure 8).

If one calculate derivatives, ∂E
∂k , along the different

high-symmetry directions such as Γ to N , Γ to P , P

to H, or P to N , in iron band structure (see in Figure



11

Γ H P HΓ Γ P

-8

-6

-4

-2

0

2

4

6

8

10

E
n

er
g

y
 (

ev
)

5

1
1

4

1

N N

5
2

7

1 1 1
1

5

4

7 4

(first band-gap)

5

11

9

75 5
5

5

5 5 7

8

9

(second band-gap)

77

FIG. 8: Band structure of bcc iron along the high symme-

try points. Blue bands correspond to up-spin whereas black

bands correspond to the down-spin. Bands has been classi-

fied into the different Brillouin zones. Number on top of the

bands corresponds to the Brillouin zones number in which

the bands (Bloch states) reside. There are two band-gap (de-

noted by first band-gap and second band-gap) along the Γ to

N direction.

8), then one realize that energy gradient are different in

different directions. Since group velocity of the particle

( 1
~
∂E
∂k ) is different in different-direction, therefore, iron

have anisotropic conductivity. Since anisotropic conduc-

tivity depends upon the slope of band-structure in dif-

ferent Brillouin zones, and because band-structure come

after density functional theory, after solving effectively

the single particle Schrödinger equations, we conclude

that the anisotropy in any metal arises due to the quan-

tum mechanical effects. Also, as the k wave-vector be-

come large, the corresponding Bloch states reside into

the higher Brillouin zones. Higher Brillouin zones are

spatially distributed around the Γ points (see in Figure

7), and thus, effective Brillouin zone size along the any

high symmetry direction becomes smaller (for example

see in Figure 7). Smaller Brillouin zone size creates geo-

metrical constrain on the movement of the particle, be-

cause, particle can only accelerate till the middle of the

Brillouin zone and then it has to de-accelerate till the

next high symmetry point along the same direction where

particle group velocity will becomes zero. Also, the ef-

fective mass

(
m = ~2

∂2E
∂k2

)
of the particle becomes higher

in higher Brillouin zones. What we are concluding in our

discussion is that the same crystal structure may have

the different conductivity and different effective mass in

different Brillouin zones along the different directions.

So, imperfection in crystal structure is not the reason for

finite conductivity in metals or in any material but the

Bragg’s plane diffractions at the high symmetry points

and the geometrical constrains of the different Brillouin

zones which increases the effective mass of the particle

are the quantum mechanical reason for the finite conduc-

tivity at an arbitrary electrochemical potential applied

across any material.

VII. CONCLUSION

In this paper we have tried to address the origin of color

in any material particularly in metals. We have shown

that why metals with similar lattice parameter have more

or less the same color (grey) in nature. We have shown

that the every material (including metals) have band-

gap along the certain directions. In bcc crystal structure,

the band-gap present along the real space body diago-

nal, whereas in fcc crystal structure it is present along

the face diagonal in real space. In distorted ( ca ratio

must not be equal to the ideal value =
√

8
3 ) hcp crystal

structure band-gap present along the Γ to M direction

in k space. We have used the full Brillouin zones and

Bragg’s diffraction conditions and explained that why

material have finite conductivity at an arbitrarily elec-

trochemical potential applied across it. We have shown

that the finiteness in conductivity arises due to the quan-

tum mechanical effects. We have explained that why

metal conductivity decreases with electrochemical poten-

tial and temperature while semiconductors or insulators

conductivity increases. We have shown that the variation

of conductivity with electrochemical potentials and tem-

perature are also due to the quantum mechanical effects.

We hope that this paper will stimulate the scientific com-



12

munity and motivate them to start looking the physical

observation using quantum mechanical effect rather than

the various models.
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