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The optical properties, especially the colors, of transition metal nitrides (TiN and ZrN) are studied

using first-principles method. Full ab-initio procedure of color-prediction including plasma frequency

is presented. The dielectric functions and reflectivity of the compounds are calculated including both

intraband and interband transitions. The color of the compounds is then produced by calculating the

red-green-blue color codes through the convolution of color matching functions and the calculated

reflectivity. Calculated colors and screened plasma frequency for the materials are in good agreement

with measurement. The color variation due to chemical doping is also studied within the rigid band

approximation. VC 2011 American Institute of Physics. [doi:10.1063/1.3650264]

I. INTRODUCTION

Transition metal nitrides such as TiN and ZrN are widely

used as coating materials for machine parts and as cutting

tools due to their high hardness and strong resistivity against

abrasion. Additionally, they have intrinsic gold-like metallic

colors,1–5 which are tunable by adding impurities while main-

taining good mechanical properties. This extra merit extends

the area of practical application from industrial machineries to

fancy daily goods, and the color adjustment in coating is

actively sought. Normally color variation in these materials

has been attempted in empirical basis. It was found that

defects or substitutional doping change their colors to black,6

gray,7 red,2,3 violet8 or even to dark blue.2 There have been

several studies4,5 to explain the color variation from the altera-

tion in plasma frequency or absorption spectrum, which corre-

sponds to intraband transition or interband transition,

respectively. While mechanical and electrical properties of the

materials have been extensively studied from first-principles

calculations,9–12 predicting the color by calculations has not

been given a full attention because the color has generally

been considered to be a quality resulting from complex optical

and visual processes. Recently Xue et al. studied the color

variation of NaxWO3 with ab-initio calculations13 while

employing experimental values of plasma frequency. Here,

we present a procedure to calculate the colors of transition

metal compounds based on full ab-initio calculations includ-

ing plasma frequency. The color of transition metal nitrides is

produced from first-principles calculations, and the contribu-

tion of specific transitions is investigated. The effect of C or O

impurities is also studied within the rigid band approximation.

II. METHODS

Two most responsible processes for scattering of light in

the visible range are the intraband and interband transitions

of electrons.14,15 Such scattering processes are characterized

by the dielectric function of the material.15,16 The intraband

transition is the plasma resonance absorption process by

unbound electrons that have a collective oscillation mode at

the Fermi surface with the plasma frequency. Therefore, if

the frequency of an incident light is similar to the plasma fre-

quency of a material, the light would be absorbed through

resonance. Incident lights with frequency less (higher) than

the plasma frequency are 100% reflected (transmitted). This

is a well-known explanation of high-glossy and colorless fea-

ture of metals. A critical parameter that characterizes colors

is thus the plasma frequency15

x2
p ¼

e2

8p3�h2e0

X
n

ð
@Enk

@k

� �2

dðEnk � EFÞd3k; (1)

where Enk is the energy eigen-value of the Bloch state at nth

band at k point and EF is the Fermi level.

The dielectric function due to the intraband transition

can be calculated using Drude model with given plasma

frequency,15,17

eintraðxÞ ¼ 1�
x2

p

xðxþ icÞ ; (2)

where cð¼ �h=sÞ is the inverse of relaxation time s of the

unbound electrons. This equation shows that the real part of the

dielectric function will be very small near the plasma fre-

quency. The location of absorption peaks can be found from the

zeros of real part dielectric functions. This scheme is used to

determine the screened plasma frequency as described below.

The absorption spectrum from interband transitions is

computed from electronic band structures. One crucial role

of the interband transition is the screening of unbound elec-

trons, which reduces the plasma frequency. When the plasma

frequency is shifted into a visible-light range (�1.7–3.1 eV)

by the screening, metals have certain metallic colors as in

the case of copper and gold, in which low energy (red-yellow

range) photons are reflected while high energy (blue-violet

range) photons are absorbed or transmitted. The imaginary

part of the dielectric function by interband transition is cal-

culated by the following formula:14,15a)Electronic mail: jhish@postech.ac.kr.
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einter
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where f is the Fermi-Dirac distribution, p̂ is the momentum

operator, and Emk;nk ¼ Emk � Enk (the energy difference

between single-particle Bloch states). The real part einter
1 ðxÞ

is then obtained from the Kramers-Kronig relation.

The total dielectric function is the sum of those by intra-

band and interband transitions, eðxÞ ¼ eintraðxÞ þ einterðxÞ.
Optical properties are readily obtained from the dielec-

tric function; the reflectivity for unpolarized normal-incident

light is given by RðxÞ ¼ ð1�
ffiffiffiffiffiffiffiffiffiffi
eðxÞ

p
Þ=ð1þ

ffiffiffiffiffiffiffiffiffiffi
eðxÞ

p
Þ

�� ��2 and

the absorption (energy loss) spectrum is LðxÞ ¼ �Im

½1=eðxÞ� ¼ e2=ðe2
1 þ e2

2Þ (Ref. 16). The absorption spectrum

has peaks at the frequencies where the real part dielectric

function becomes zero. Therefore, the screened plasma fre-

quency, x0p, is determined from e1ðx0pÞ ¼ 0 or from the posi-

tion of absorption maxima.

The Commission Internationale de l’Eclairage (CIE)

developed color-matching functions, �rðkÞ, �gðkÞ, �bðkÞ that

convert the spectral power distribution IðkÞ into red-green-

blue (RGB) codes18 as expressed by

R ¼
ð1

0

�rðkÞIðkÞdk;

G ¼
ð1

0

�gðkÞIðkÞdk;

B ¼
ð1

0

�bðkÞIðkÞdk:

(4)

If we assume a uniform intensity (I0) of incident light over

the wavelength of interest, the reflected light will have the

same intensity distribution as the reflectivity, IðkÞ ¼ RðkÞ
�I0. The reflected light is then decomposed into red, green,

and blue components by using Eq. (4). Therefore, the color of

a material can be calculated from first-principles in the fol-

lowing steps; calculate first the dielectric function from inter-

band and intraband transitions, second the reflectivity, and

last RGB codes using color matching functions. Calculated

RGB color codes can also be converted to CIE L*a*b* color

space,19 which is the standard representation of colors in

industry. In L*a*b* color space, the difference of two colors

is defined as a distance between two color coordinates (L*,

a*, b*), where L*, a*, and b* represent brightness, red-

greenness and yellow-blueness, respectively.

First-principle calculations were carried out using den-

sity functional theory (DFT) as implemented in Vienna ab-
initio simulation package (VASP).20 Projector augmented

wave-function (PAW) type pseudopotentials are used for the

ionic potentials.21,22 The cut-off energy of the plane wave ba-

sis set was chosen to be 400 eV, and the exchange-correlation

functional was treated within Perdew-Burke-Ernzerhof type23

generalized gradient approximation. Brillouin zone sampling

was done using Monkhorst-Pack24 with 20� 20� 20 grid.

For ZrN case, we mixed dielectric functions obtained with

Monkhorst-Pack grid (770 k-points in total) and C point-

included grid (256 k-points in total) to properly take into

account the low energy interband transitions. The mixing ra-

tio was 75% of Monkhorst-Pack sampling and 25% of C
point-included sampling. We employed the method presented

in Ref. 25 to calculate the dielectric function from interband

transition. The plasma frequency was calculated using Eq. (1)

and the tetrahedron method26 for k-point integration.

III. RESULTS AND DISCUSSION

TiN and ZrN have NaCl structure, and our calculated lat-

tice constants are 4.255 Å and 4.610 Å, respectively, in good

agreement with experiment.27 Calculated bulk modulus

(291 GPa for TiN and 262 GPa for ZrN) is also consistent

with the results in previous studies.9,10 Figure 2 shows the

calculated band structures of TiN and ZrN. Partially filled d-

bands are observed near the Fermi level (Ef). While the selec-

tion rule forbids the d-d transitions, the hybridization between

transition metal d and nitrogen p orbitals allows the optical

transitions between the d-bands near Ef. Along the Brillouin

zone edges (X-W-L and K-W, particularly), strong interband

transitions occur with transition energies of 5–8 eV and

6–9 eV for TiN and ZrN, respectively. Such transitions

FIG. 2. (Color online) Calculated band structures of TiN (black solid line)

and ZrN (red dashed line). The Fermi level is set at 0 eV.

FIG. 1. (Color online) CIE RGB color matching functions used in this

study; red (solid line), green (dashed line), and blue (dotted line) fractions in

monochromatic light as announced by CIE in 1931.18,19
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produce hills in einter
2 in the corresponding energy range as

shown in Figs. 3(a) and 3(b) (blue dotted line). Three para-

bolic bands near the C point contribute to low energy transi-

tions (<1 eV). In Fig. 3, einter
2 of TiN and ZrN has a broad and

large peak below 1 eV due to such low energy transitions.

The plasma frequencies obtained from Eq. (1) are

7.62 eV and 8.82 eV for TiN and ZrN, respectively, which

are larger than measured values by about 1 eV (Table I).

This discrepancy may originate from fitting procedure of ex-

perimental data; the plasma frequency in experiment is usu-

ally obtained by fitting measured dielectric functions to

Drude model [Eq. (2)] at low energy range while ignoring

interband transitions. However, there are significant contri-

butions from interband transitions in below 1 eV. For the

inversed relaxation time (c) of unbound electrons, we used

measured values of 0.8 eV and 0.62 eV for TiN and ZrN,

respectively.1 With given this plasma frequency and relaxa-

tion time, the dielectric function of intraband transition was

calculated using Eq. (2), and Figs. 3(a) and 3(b) show our

calculated results (red dashed line). The reflectivity and

absorption spectra of the intraband transition are also shown

in Figs. 3(c) and 3(d). The position of absorption peak and

FIG. 3. (Color online) Calculated dielectric functions of (a) TiN and (b) ZrN. Upper panel, imaginary part; lower panel, real part. Contribution of intraband

(red dashed line) and interband (blue dotted line) transitions to the total dielectric function (solid line) was also plotted separately. The bare plasma frequency,

xP (7.62 eV for TiN; 8.82 eV for ZrN) is shifted to the screened plasma frequency, x0p (2.41 eV for TiN; 3.06 eV for ZrN) when the effect of interband transi-

tion (�inter
1 ðxÞ) is added. Calculated reflectivity (R, solid line) and absorption (L, dotted line) spectra are shown in (c) for TiN and (d) for ZrN. Again, the contri-

bution from the intraband transition is separately plotted (Rintra, red dashed line; Lintra, red dotted-dashed line). Computer-generated colors from our

calculations and experiment (†Ref. 2 for TiN and ‡Ref. 3 for ZrN) are drawn for comparison as inset.

TABLE I. Calculated bare (xP) and screened (x0p) plasma frequencies for TiN and ZrN. The screened plasma frequency determined at absorption maxima is

given in the parenthesis with *. The inverse of relaxation time (c) in our calculations, which is adopted from Ref. 1, is also given. Experimental values are

given for comparison. Calculated and measured CIE color space coordinates (L*a*b*) for the two compounds are shown.

TiN ZrN

xp (eV) x0p(eV) c (eV) xp (eV) x0p (eV) c (eV)

CIE L*a*b* color space CIE L*a*b* color space

Calculated 7.62 2.41 (2.47)* 0.8 8.82 3.06 (3.08)* 0.62

(70.7, 10.6, 23.2) (87.1, �2.95, 26.1)

Experimental 6.9-7a

6.9b

6.29c

7.3d

2.8a

2.5b

2.52c

2.5d

0.6-0.8a

0.08b

0.3c

0.4-0.7d

7.3-7.8a

7.35e

7.17f

3.1a

3.08e

�3f

0.52-0.62a

0.59e

0.35f

(69.2 6 3.5, 6.0 6 1.6, 30.9 6 1.2)g (84.2, �0.7, 32.1)h

aReference 1.
bReference 5.
cReference 28.
dReference 29.
eReference 30.
fReference 31.
gReference 2.
hReference 3.
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the reflectivity edge are located at the plasma frequency xP

for which eintra
1 ðxPÞ¼ 0. Including the screening of bound

electrons, the screened plasma frequency x0p was obtained

from e1ðx0pÞ ¼ 0. Figure 3 shows that the plasma frequency

that includes only the contribution from the intraband transi-

tion is displaced to the screened plasma frequency when the

interband transition is considered. In our calculations, the

screened plasma frequencies are obtained to be 2.41 eV for

TiN and 3.06 eV for ZrN. These screened plasma frequencies

lie in the visible spectrum range that corresponds to the me-

tallic colors. Our calculated screened plasma frequencies are

close to experimental values of 2.5–2.8 eV (Refs. 1, 5, 28,

and 29) and 3.08–3.1 eV (Refs. 1 and 30) for TiN and ZrN,

respectively. The computer-generated colors using the RGB

color codes from spectral decomposition are shown in the

inset and look gold-like as observed in these materials. The

reflectivity of ZrN below the absorption peak is larger by

about 10% than that of TiN. This indicates that ZrN is

brighter than TiN, which is consistent with observations.2,3

The CIE L*a*b* color codes19 are also close to the measured

values (Table I).

Next, we studied the effect of doping on color variation

within the rigid band approximation as it is known that tran-

sition metal carbides and nitrides exhibit very similar elec-

tronic structure except the Fermi level position.11,12 For

instance, carbon or oxygen substitution for nitrogen can be

treated within the approximation, removing or adding one

electron per each atomic substitution. Other defect structures

such as interstitials or vacancies, which may be created by

oxygen doping, are not considered here. Most apparent effect

of doping is, of course, a change of plasma frequency which

is directly related to the electron density. Calculated plasma

frequency is plotted with respect to the doping level in Fig.

4(a). Because of the parabolic bands at C point, plasma fre-

quency increases (decreases) by n-doping (p-doping). As

mentioned above, calculated plasma frequencies are overes-

timated from experimental values, but their tendency at vary-

ing doping level is consistent with experiment.5,28

Another effect of the doping is the shift of the Fermi

level, which affects the interband transitions, especially at

low energy range. Calculated Fermi level shift and corre-

sponding change of interband transition are shown in Figs.

4(a) and 4(b). Electron doping shifts up the Fermi level that

lies in the parabolic bands (conduction bands) at C point,

and the area of the Fermi surface is increased, which leads to

an enhancement of interband transitions at low energies.

This enhancement in the transition peak again increases the

screened plasma frequency because the transition peak low-

ers the real part of the dielectric function in 1-3 eV as shown

in Fig. 4(b). The color variation of TiN is accelerated by

both transitions. Figure 5 shows the calculated reflectivity

and corresponding colors of doped TiN. The hole doping

(substitution of C for N) makes TiN darker due to the

decrease of electron density and thus the plasma frequency.

When the Fermi level is lowered below the bottom of the

parabolic bands (conduction bands) at C point by hole dop-

ing, the low-energy interband transition vanishes (imaginary

part in ��1.2 eV) as shown in Fig. 4(b). In such cases, the

screened plasma frequency and the absorption peak shift to

energy ranges as low as infrared and the color of the com-

pound turns dark blue (Fig. 5).

The variation in stoichiometry of TiN and ZrN due to

nitrogen interstitial or vacancy defect is known to affect their

color significantly. Interstitial nitrogen will make the color

darker because it takes electrons from neighboring metal

atoms as like hole-doping. In the case of vacancy defects, d
electrons of the transition metal are released back to neigh-

boring metal atoms and the materials become brighter as like

electron doping. Niyomsoan et al.4 measured the color of

ZrN and found that it changes drastically as N/Zr ratio is

FIG. 4. (Color online) (a) Calculated plasma frequencies (upper panel) and

the Fermi level shift (lower panel) of TiN (black solid line) and ZrN (red

dashed line) upon substitutional doping within the rigid band approximation.

Experimental data for TiCxNy with xþ y � 1 are also plotted with empty5

and filled28 circles. The doping level is given in unit of electron per unit for-

mula. (b) Imaginary (upper panel) and real part (lower panel) of dielectric

function due to interband transition of TiN for three different carrier den-

sities (solid line, neutral; dashed line, þ0.5 electron/formula unit; dotted

line, �0.7 electron/formula unit) as controlled by substitutional doping of

non-metal atoms.

FIG. 5. (Color online) Calculated reflectivity of TiN upon electron doping.

The doping level is from �0.7 to þ0.5 electron per formula unit (TiN) with

an increment of 0.1 electron per formula unit. The plasma frequency and the

Fermi level were obtained by using the rigid band model. Color variation for

corresponding reflectivity is shown in the boxes at the top. We observe that

electron-poor TiN becomes darker whereas electron-rich TiN becomes

brighter and more yellowish. The reflectivity and color of ZrN is also

shown.
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varied, whereas the change in color of TiN is relatively

unnoticeable. This different behavior of ZrN and TiN in

color upon the stoichiometry is due to a more sensitive

response of ZrN in the plasma frequency and Fermi level to

doping compared to TiN according to our calculations [Fig.

4(a)]. Substitution of O for N is expected to produce a

brighter color as it is the electron doping, but oxygen-doped

TiN has a darker color in measurement.2 This was attributed

to non-uniform stoichiometry of the samples and to the inter-

stitial oxygen defects. For later case, oxygen acts as electron

accepter to make TiN hole-rich that has a dark blue color.2

In this study, the inverse relaxation time (c) of electrons

is the only parameter adopted from experiment. Here, we

investigated the dependence of color variation on c. We cal-

culated the reflectivity and then the color as the parameter c
is changed. Calculated results are presented in Fig. 6. As c is

increased, the reflectivity is reduced (enhanced) in the fre-

quency range lower (higher) than the screened plasma fre-

quency and the overall brightness is diminished. This

indicates that the metals will become darker as the scattering

is enhanced by impurities or at elevated temperatures.30 On

the other hand, the reflectivity edge does not move at all

when c is changed, which is due to the insensitivity of the

screened plasma frequency to the relaxation time. The over-

all effect of the variation in c is thus to change the chroma

rather than the hue of the compounds.

IV. SUMMARY

We presented the full ab-initio procedure to calculate

the color of transition-metal nitrides including both interband

and intraband transitions. The only parameter undetermined

was the relaxation time, which was though shown to little

affect the screened plasma frequency. It was shown that

computer-generated colors from calculated color codes are

very close to those observed. The variation of colors of tran-

sition metal nitrides was also studied upon substitutional

doping within the rigid band approximation. The electron

pockets near C point play an important role for optical transi-

tions and in controlling the color. The procedure of calculat-

ing colors from first-principles presented in this study can be

applied to other materials and will provide efficient tools for

designing materials with various colors.
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