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a  b  s  t  r  a  c  t

Based  on  the  first-principles  electronic  structure  calculations,  we  predict  that  Li2CuSb  should  be good
electrode  materials  for  high  capacity  rechargeable  batteries  and  novel  materials  for  second  harmonic
generation.  This  prediction  is based  on  the  experimental  measurements  of  Fransson  et al.  [1],  and  as  step
forward  to  do  deep  investigation  on  these  materials  we  addressed  ourselves  for  performing  theoretical
calculation.  We  found  that  intercalation  of lithium  leads  to phase  transitions,  which  agrees  well with  the
experiment,  increasing  the conductivity  of  the  material,  and  break  the  symmetry  along  the  optical  axis
making  the  material  useful  for second  harmonic  generation  (SHG)  applications.  We  should  emphasize
that  lithiated  compound  show very  high  second  order  optical  susceptibility.  We  present  the  total  charge
densities  in  the  (1  1  0)  and  (1  0 0)  planes  for the  parent  and  lithiated  phases  and  it  was  found  that  the  parent
compound  shows  a  considerable  anisotropy  between  the two planes  in  consistence  with  our  calculated
optical  properties.  We  found  that Li2CuSb  possesses  high  second  harmonic  generation  and  its  second
order  optical  susceptibility  of  the  total  absolute  value  at zero  frequency  is equal  to  142  pm/V.  Based  on
u2Sb
i2CuSb
tructural
ptical properties
FT

the  value  of  the  second  order  optical  susceptibility  the  microscopic  second  order  hyperpolarizability,  ˇijk,
the vector  component  along  the  dipole  moment  direction  is  about  31.01  ×  10−30 esu.

© 2011 Elsevier B.V. All rights reserved.
GA
PLAPW

. Introduction

Never before has our daily life and environment been so signif-
cantly dependent on materials. Among the various categories of

aterials: novel materials for new long life rechargeable batter-
es, materials and the devices based on them play an important
ole which is increasing every year with the advent of modern
echnologies and their implementation in every day life. The quest
or development of novel more efficient and compact recharge-
ble batteries requires a search for the design and fabrication
f new materials which should be less expensive, more flexible,

equire less energy and more apt specific applications. Now-a-
ays these batteries are much required for different applications
or example high durability medicine batteries, powering electric

∗ Corresponding author at: Institute of Physical Biology-South Bohemia Univer-
ity, Nove Hrady 37333, Czech Republic. Tel.: +420 777 729583, fax: +420 386
61231.

E-mail address: maalidph@yahoo.co.uk (A.H. Reshak).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.03.179
vehicles in order to improve the air quality in congested cities
and as alternative energy future resources. The development of
novel promising materials opens the possibilities for many new
long lasting, high capacity batteries. The rechargeable lithium ion
batteries is a device that fulfill the crucial demands of our mod-
ern society acting as the power source of various portable devices
and in the future is expected to be used in electric vehicles and so
on. Fransson et al. [1] studied structural evaluation in the Cu2Sb
anode using the in situ x-ray diffraction technique. They pointed
out that lithium first reacted with Cu2Sb to form the lithiated
phase Li2CuSb which was similar to its parent compound Cu2Sb,
and further lithium insertion into Li2CuSb led to Li3Sb. The data
shows that Li is inserted into Cu2Sb with a concomitant extrusion
of Cu which initiates a phase transition to a lithited zinc-blende-
type structure and further lithiation results in the displacement
of the remaining Cu to yield Li3Sb [1]. During these two steps

reaction, Cu metal were extruded, and electrodes gained good elec-
trical conductivity, showing good cycle performance. The large
irreversible capacity at the first cycle precluded its commercial
success as an anode in rechargeable ion batteries [2].  Thackeray

dx.doi.org/10.1016/j.jallcom.2011.03.179
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:maalidph@yahoo.co.uk
dx.doi.org/10.1016/j.jallcom.2011.03.179
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t al. [3] presented an overview of several systems, particularly
hose that operate by lithium insertion/metal displacement reac-
ion with a host metal array at room temperature, based on the
ttempts that those systems show strong structural relationships
etween a parent structure and its lithiated products. Ren et al. [4]
ttempted a novel process to prepare nanoscale Cu2Sb and alloy
owders as anode materials for lithium ion batteries. The nanoscale
u2Sb alloy showed good cyclability with a stable specific capacity
f 200 mA/h g−1 within 25 cycles. Matsuno et al. [2] constructed
ernary phase diagram for the Li–Cu–Sb system to elucidate the
eaction mechanism upon charge–discharge reaction. We  should
mphasize that such ternary compounds May  be also promising
or the photoinduced nonlinear optical effects [5].

Mosby and Prieto [6] described the direct single potential elec-
rodeposition of crystalline Cu2Sb as promising anode material for
ithium ion batteries, from aqueous solutions at room temperature
sing citric acid as a complexing agent. Sharma et al. [7] stud-

ed the mechanism of lithium insertion/intercalation in the anode
aterials InSb and Cu2Sb using first principle total energy calcula-

ions. Morcrette et al. [8] have demonstrated that Cu2Sb electrodes
an operate reversibly in lithium cells. They describe the reactivity
f lithium with Cu2Sb to be governed by displacement reactions
f Cu similar to those occurring in Cu2.33V4O11. The search for
ovel materials with promising structural in order to use them
s multifunctional materials for example; materials for research-
ble batteries and as nonlinear optical materials is still a challenge
or scientists. The theoretical methods of studying the relationship
etween structure, electrochemical and the optical properties may
e a better solution before venturing into the physical growth of
he crystals. The ab initio calculations were extensively applied for
he computations of some essential structural and some important
roperties for examples band structure, density of states, electron
harge densities, electrochemical and optical properties. Further,
he efficiency of these properties is inherently dependent upon
ts structural features. On the other hand, in recent years, density
unctional theory (DFT) has become an increasingly useful tool to
xamine experimental studies. The success of DFT is mainly due
o the fact that it describes small molecules more reliably than
artree–Fock theory. It is also computationally more economic

han wave function based methods with inclusion of electron corre-
ation [9,10].  Phase equilibria in alloys to great extent are governed
y the ordering behavior of alloy species. One of the important goals
f alloy theory is therefore to be able to simulate these kinds of
henomena on the basis of first principles for more details see the
eferences [2,7,11,12].

As natural extension to our previous work on lithium batteries
13] we addressed ourselves to investigate electrode materials for
igh capacity rechargeable batteries. Among these electrode mate-
ials is Cu2Sb intercalated with lithium to get the lithiated phase
i2CuSb. Based on the experimental work of Fransson et al. [1],
nd Thackeray et al. [3] which is show there should be a strong
tructural relationship exists between the parent and the lithiated
ompounds, we performed a theoretical calculations for the band
tructure and density of states to find the relationship between the
tructure of the parent and the lithiated compound.

To the best of our knowledge no comprehensive work (exper-
mental or theoretical) on the band structure, total and partial
ensity of states, linear and nonlinear optical susceptibilities of
u2Sb and the nonlinear optical properties, band structure, total
nd partial density of states for Li2CuSb compounds has appeared
n the literature. We  thought it would be interesting to begin a
ystematic theoretical study of the electronic properties of these

ompounds. We  hope that our work will lead to more experimental
nd theoretical studies of these compounds which are interest-
ng and useful multi-functional materials for rechargeable batteries
nd nonlinear optical properties. A detailed description of the elec-
Fig. 1. Calculated crystal structure; (a) parent compound (b) intercalated com-
pound.

tronic structure, the electrochemical and optical properties using a
full potential method is very essential and would bring us impor-
tant insights in understanding the origin of the electronic structure,
the electrochemical and optical properties. We  present calculations
that are based on the full potential linear augmented plane wave
(FP-LAPW) method which has proven to be one of the accurate
methods [14,15] for the computation of the electronic structure
of solids within a framework of density functional theory (DFT).

This paper is organized as follows: Section 2, shows the method
of calculations. In Section 3, we  present our results of the calcu-
lations, and discuss the origin of band structure, charge density
distribution, density of states, the electrochemical and spectral
optical properties. Summary of our work is given in Section 4.

2. Method of calculation

In this paper, we perform the first-principles electronic structure calculations
based on the generalized gradient approximation (GGA) [16] in the density func-
tional theory (DFT) [17], using the full potential linearized augmented plane wave
(FP-LAPW) method as incorporated in WIEN2K code [18]. In this method the space is
divided into an interstitial region (IR) and non-overlapping muffin-tin (MT) spheres
centered at the atomic sites. In the IR region, the basis set consists of plane waves.
Inside the MT spheres, the basis sets is described by radial solutions of the one
particle Schrödinger equation (at fixed energy) and their energy derivatives mul-
tiplied by spherical harmonics. The parent compound is crystallized in tetragonal
structure space group (P4/nmm) with two formula units per unit cell. The unit cell
parameters are a = 3.97 Å and c = 6.06 Å, the Cu atoms are situated at (0.75 0.25 0.0)
and (0.25 0.25 0.27) and Sb atom at (0.25 0.25 0.7) positions. When we intercalated
Cu2Sb with Li, a phase transition occurs from tetragonal to cubic structure space
group (F-43m) with unit cell parameters, a = 6.28 Å, in excellent agreement with
experimental data [1,3]. The two Li atoms situated at (0.25 0.75 0.5) and (0.5 0.5 0.5),
Sb at (0 0 0) and Cu at (0.75 0.75 0.75) positions. The crystal structures of the parent
and  the intercalated compounds are illustrated in Fig. 1.

In order to achieve energy eigenvalues convergence, the wave functions in the
interstitial regions were expanded in plane waves with a cut-off Kmax = 9/RMT, where
RMT denotes the smallest atomic sphere radius and Kmax gives the magnitude of the
largest K vector in the plane wave expansion. The muffin-tin radii were assumed to
be  2.0 atomic units (a.u.) for Cu and Sb of the parent and 1.39 a.u. for Li, 1.57 a.u. for
Cu,  and 2.09 a.u. for Sb of the lithiated phase Li2CuSb. The valence wave functions
inside the spheres are expanded up to lmax = 10 while the charge density was Fourier
expanded up to Gmax = 14 (a.u.)−1. Self-consistency is obtained using 300 k-points
in the irreducible Brillouin zone (IBZ). The BZ integration was  carried out using the
tetrahedron method [19,20]. The linear optical properties are calculated using 500
k-points and the nonlinear optical properties are calculated using 1400 k-points in
IBZ.  The self-consistent calculations are considered to be converged when the total
energy of the system is stable within 10−5 Ry.

3. Results and discussion

3.1. Band Structure and density of states
To investigate the role the metal Cu plays in the band struc-
ture, and the effect of Li intercalation on it, we  calculated the band
structure, the total and partial density of states. Following the band
structure and the densities of states (Figs. 2 and 3) one can conclude
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Fig. 2. Calculated band structure; (a) p

hat intercalation of lithium in the parent materials leads to phase
ransitions from tetragonal to cubic structure, and pushing the con-
uction and valence bands towards lower and higher energies with
espect to Fermi energy (EF), resulting in increasing the bandwidth
s shown in Fig. 2b. The band structure and the total density of
tates (TDOS) along with the Cu-s/p/d, Sb-s/p/d, and Li-s/p par-
ial density of states (PDOS) for Cu2Sb and Li2CuSb compounds are
hown in Figs. 2 and 3. For the parent compound, the band struc-
ure and DOS can be divided into two group/structures. From the
DOS we are able to identify the angular momentum characters
f various structures; the energy range from −13.0 to −9.0 eV is
ainly originated from Sb-s and Cu-s/p. The energy region from
8.0 eV and above is originated from Cu-s/p/d and Sb-p/d. When
e intercalated Li into Cu2Sb, we noticed that Li leads to change

he physical properties of the intercalated compound. The band
tructure and density of states of the intercalated compound can
e divided into three group/structures; the lowest group/structure
round −12.0 eV has mainly Sb-s with small contribution of Li-s/p
nd Cu-p. The second group/structure between −8.0 up to −3.0 eV is
omposed of Cu-d with a small contribution of Sb-p/d, Cu-s/p and
i-s/p. The third group/structure started from −3.0 eV and above
as admixture of Cu-s/p, Sb-p/d and Li-s/p. From the PDOS of the
arent compound we noticed a strong hybridization between Cu-p
nd Cu-s at around −10.0 eV, at around −3.0 eV, Cu-p hybridize with
oth Cu-s and Sb-d. Cu-p hybridizes with Cu-s at around 2.0 and
.0 eV, at 2.0 eV Cu-s hybridize with Sp-s. Whereas for the interca-

ated compound Cu-s strongly hybridize with Sb-p at around −6.0
nd 1.0 eV. In the energy ranges from −5.0 to −3.0 eV, 0.0 to 3.0 eV,
nd around −12.0 eV there exist strong hybridization between Li-p
nd Cu-p at around −8.0 eV, Li-s/p hybridize with Sb-d. We  found
hat for the parent compound Cu-s/p and Sb-s/p/d states control the
verlapping around Fermi energy (EF) while Cu-s/p, Sb-p/d and Li-
/p are controlling the overlapping for the intercalated compound.
he DOS at EF is determined by the overlap between the valence
nd conduction bands. This overlap is strong enough, indicating a
etallic origin with DOS at EF, N(EF), of 25.84 states/Ry-cell for the

arent compound and 32.64 states/Ry-cell for Li2CuSb. The elec-
ronic specific heat coefficient (�), which is function of DOS, can be
alculated using the expression
 = 1
3

�2N(EF)k2
B

compound (b) intercalated compound.

Here, N(EF) is the density of states at EF, and kB is the Boltzman con-
stant. The calculated energy density of states at the EF enables us to
calculate the bare electronic specific heat coefficient which is found
4.482 mJ/mol K2 for the parent compound and 5.662 mJ/mol K2 for
Li2CuSb compound. The Li-s and Li-p bands are very broad and
contribute much to the density of states. Our calculations show
a strong structural relationship exists between the parent and the
lithiated compounds in excellent agreement with the experimental
data [1,3] which shows that for good and high capacity recharge-
able batteries it should be there is a strong structural relationship
between the parent and the lithiated compounds [1,3].

Our calculations revealed that the electronic band structure and
DOS are influenced significantly with the presence of lithium. The
volume expansion for the transition from Cu2Sb to Li2CuSb is cal-
culated to be 26.5% which is in very good agreement with the
experimental data (26.5%) [21].

The origin of chemical bonding can be elucidated from the
total and partial electronic densities of states. We  find that the
densities of states, extending from −8.0 eV up to Fermi energy
(EF) for the parent and intercalated compounds, is larger for Cu-
d states (6.5 electrons/eV), Cu-s states (0.19 electrons/eV), Sb-p
states (0.22 electrons/eV), Cu-p states (0.1 electrons/eV), for the
parent compound. While for the intercalated compound Cu-d
states (24.0 electrons/eV), Cu-s states (0.21 electrons/eV), Sb-p
states (0.5 electrons/eV), Cu-p states (0.05 electrons/eV), Li-s
states (0.06 electrons/eV), and Li-p states (0.19 electrons/eV). This
is obtained by comparing the total densities of states with the angu-
lar momentum projected densities of states of Cu-s/p/d and Sb-p
for the parent and Cu-s/p/d, Sb-p and Li-s/p states for lithiated
phase as shown in Fig. 3. These results show that some elec-
trons formed by Cu-s/p/d, Sb-p and Li-s/p terms are transferred
into valence bands (VBs) and contribute in weak covalent interac-
tions between Sb–Sb, Cu–Cu and Li–Li atoms, and the substantial
covalent interactions between Sb and Cu, Cu and Li, Sb and Li
atoms.

The effect of Li intercalation on the electron density was  stud-
ied by plotting the electron densities before and after intercalation
(Fig. 4a–d). The bonding nature of the solids can be described accu-
rately by using electron charge density plots [22,23]. The charge

density in our calculation is derived from a reliable converged wave
function and hence it can be used to study the bonding nature
of the solid. To visualise the nature of the bonding character and
to explain the charge transfer and bonding properties we  calcu-
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Fig. 3. Calculated total density of states (states/

ated the total valence charge density. In Fig. 4 a–d, the total charge
ensity distribution in the (1 1 0) and (1 0 0) planes for the parent
nd the lithiated phase Li2CuSb were presented. Following these
igures we noticed that parent compound shows a considerable
nisotropy between the two planes (see Fig. 4 a and b), whereas

he lithiated phase show isotropic nature (see Fig. 4 c and d), that is
nother evidence of the phase transition occurs after the intercala-
ion of lithium in the parent material. The charge densities help us
o analyze the nature of the bonds in this compound according to
it cell) along with the partial densities of states.

a classical chemical concept. This concept is very useful to classify
compounds into different categories with different chemical and
physical properties. The valence electrons on intercalated lithium
atoms are found to donate to the host material. For the bulk Cu2Sb
which is a covalently bonded material and a strong covalent char-

acter for Cu–Sb bonding can be seen. One can see that the electronic
charge density between Cu and Sb atoms decreases when Li atoms
are intercalated in the Cu2Sb. This indicates that the strength of
Cu–Sb covalent bonding decreases when Li intercalation increases.
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.2. The electrochemical properties

The electrochemical properties of the parent and the lithiated
ompounds are measured and discussed extensively by Fransson
t al. [1], and Thackeray et al. [3]. Due to the superior electro-
hemical characteristics found on Li2CuSb we  are interested in
erforming theoretical investigation focused on this compound as

ithium batteries. We  present here a first principles investigation
n the electrochemical properties. First principles calculations have
een widely used to predict the average voltage of lithium inser-
ion in many compounds [24–35].  The interaction reaction of the
ithium ion per formula unites is written as:

u2Sb + 2Li+ + 2e− → Li2CuSb + Cu(0) (1)

n which 2e− are involved in the electrochemical cell. The average
ithium insertion voltage for this reaction can be obtained from the
otal energy differences using FP-LAPW without the need for the
xperimental data. Attempts to obtain intercalation voltages with
rst principles calculations are limited and have focused solely on
he band structure of the materials:

 = Etotal(Cu2Sb) + 2 Etotal(Li+) − Etotal(Li2CuSb) − Etotal(Cu)
zF

(2)

here F is the Faraday constant, z is the charge (in electrons) trans-
orted by lithium in the electrode, Etotal refers to the total energy
er formula unite. With this methodology we predict a lithium

nsertion voltage of 2.78 V for the Li/Cu2Sb, in good agreement
ith experimental value (3.0 V) [1].  The calculated average voltage

f the insertion reaction is merely a measure of the relative sta-
ility of the inserted and deinserted materials. Besides predicting
he insertion voltage, the first principles calculations also supply
elevant information regarding other key factors affecting the elec-
rochemical behavior of an electrode material. Among those factors,

he reversibility of the insertion reaction (and finally the long term
ycleability of the lithium battery) is closely related to the relation-
hip between the crystalline structures of inserted and deinserted
aterials.
d for (1 0 0) plane (c) parent compound for (1 1 0) plane (d) intercalated compound

3.3. The role of structure in electrochemical reactions

The band structure of intercalation compounds has been studied
extensively using FP-LAPW method. Since the host material is typ-
ically little affected structurally by the intercalation of lithium, and
lithium is fully ionized to Li+. It is believed that Li is fully ionized in
most lithium-metal and donates its electron to the host bands with-
out much affecting them. This makes it possible to control the band
filling of the host material by varying the Li content electrochem-
ically. The Structure plays an important role in the reversibility of
electrochemical reactions, particularly those involving topochem-
ical processes [36]. As we  had mentioned before there should be a
strong structural relationship exists between the parent and the
lithiated compounds [1,3]. The reactions of lithium with metals
and intermetallic compounds tend to be accompanied by a signifi-
cant increase in crystallographic volume as it had found that it was
26.5%. Insertion of lithium in Cu2Sb cause to complete displacement
of one atom of Cu to yield a new binary phase:

Cu2Sb + 2Li+ + 2e− → Li2CuSb + Cu(0)

Lithium first reacts with Cu2Sb to form the lithiated zinc-blende
structure Li2CuSb. During this reaction, the fcc Sb array which is
slightly distorted in Cu2Sb, provides a stable framework for lithium
and copper. The transition for Cu2Sb to Li2CuSb involves the extru-
sion of 50% of copper atoms from the structure and a small internal
displacement of the remaining Cu atoms to generate the CuSb
zinc-blende framework. The Sb array expands by 25% during the
transformation of Cu2Sb to Li2CuSb [1]. The reversibility and rate
of this reaction is facilitated by the compatibility in the size and
charge of the lithium and copper atoms and by absence of any sig-
nificant internal displacement of Sb during the transformations.
According to the experimental work [1]; apart from an irreversible
capacity loss on the initial cycle, this electrode has shown excellent
reversibility yielding 90% of its theoretical capacity. The good elec-
trical conductivity of the extruded copper, the apparent absence

of copper whiskers and exaggerated grain growth, and the strong
structural relationship that exists between the parent and the lithi-
ated compounds are considered to be the main reasons for the good
electrochemical behavior of this electrode.
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.4. Linear optical properties

The optical properties of solids are a major topic, both in basic
esearch as well as for industrial applications. While for the for-
er  the origin and nature of different excitation processes is of

undamental interest, the latter can make use of them in many opto-
lectronic devices. These wide interests require experiment and
heory. Cu2Sb crystallizes in the tetragonal structure space group

4/nmm. This symmetry group has two dominant components of
he dielectric tensor. The experiments are performed with electric
ector �E parallel or perpendicular to the c axis. The corresponding
ielectric functions are εII(ω) and ε⊥(ω). The calculations of these
mpound. (b) Calculated ε2 (ω)  (dark solid curve) and ε2(ω) (light dashed curve) for
 (d). Calculated R⊥ (ω) (dark solid curve) and RII(ω) (light dashed curve) for parent

dielectric functions involve the energy eigenvalues and electron
wave functions. These are natural outputs of band structure calcu-
lations. We  have performed calculations of the imaginary part of
the inter-band frequency dependent dielectric function using the
expressions in the reference [37,38]

εII
2(ω) = 12

mω2

∫
BZ

∑ ∣∣PZ
nn′ (k)

∣∣2
dSk

∇ωnn′ (k)
(3)
ε⊥
2 (ω) = 6

mω2

∫
BZ

∑
[∣∣PX

nn′ (k)
∣∣2 +

∣∣PY
nn′ (k)

∣∣2
]

dSk

∇ωnn′ (k)
(4)
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Fig. 6. Calculated complex second-order nonlinear optical susceptibility tensor (a) imaginary part of �(2)
123 (ω),  (b) real part of �(2)

123 (ω),  (c) imaginary part of �(2)
123 (ω) spectrum
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long  with the intra (2�)/(1�)  and inter (2ω)/(1ω)-band contributions. (d) the calc
ultiplied by 10−7, in esu units.

he above expressions are written in atomic units with e2 = 1/m = 2
nd h̄ = 1. Where ω is the photon energy, PX

nn′ (k) and PZ
nn′ (k) are the

 and Z component of the dipolar matrix elements between initial
nk

〉
and final

∣∣n′
k
〉

states with their eigenvalues En (k) and En′ (k),
espectively. ωnn′ (k) is the energy difference

nn′ (k) = En(k) − En′ (k) (5)

nd Sk is a constant energy surface

k = {k; ωnn′ (k) = ω} (6)

When we  intercalated Cu2Sb with Li, it leads to phase transi-
ion from tetragonal to cubic structure. The symmetry along the
ptical axis breaks and measurable amount of second harmonic
ill generate. The cubic space group F-43m,  has only one dielec-

ric tensor component to completely characterize the linear optical
roperties. This component is ε2(ω) the imaginary part of the
requency dependant dielectric function. The calculation of this
requency dependent dielectric function requires the precise val-
es of energy eigenvalues and electron wavefunctions. These are
atural outputs of a band structure calculation. Generally there
re two contributions to frequency dependent dielectric functions,
amely intra-band and inter-band transitions. The contribution due
o intra-band transitions is crucial only for metals. The inter-band
ransitions of these frequency dependent dielectric functions can
e split into direct and indirect transitions. We  neglect the indirect

nter-band transitions involving scattering of phonons assuming
hat they give a small contribution to the frequency dependent
ielectric functions. To calculate the direct inter-band contribu-
ions to the imaginary part of the frequency dependent dielectric

unction, it is necessary to perform summation over the BZ struc-
ure for all possible transitions from the occupied to the unoccupied
tates. Taking the appropriate transition dipole matrix elements
nto account, we calculated the imaginary part of the frequency
 absolute value of �(2)
123 (ω).  The real, imaginary and absolute value of �(2)

123 (ω) are

dependent dielectric functions using the expressions in the refer-
ence [39]

ε2(ω) = 8
3�ω2

∑
nn′

∫
BZ

∣∣Pnn′ (k)
∣∣2

dSk

∇ωnn′ (k)
(7)

where P nn’(k) is the dipolar matrix elements between initial
∣∣nk

〉
and final

∣∣n′
k
〉

states with their eigenvalues En (k) and En′ (k),
respectively.

As the investigated compounds are metallic, we must include
the Drude term (intra-band transitions) [40].

ε2(ω) = ε2inter(ω) + ε2intra(ω) (8)

where

ε2intra(ω) = ωP�

ω(1 + ω2�2)
(9)

where ωP is the anisotropic plasma frequency [41] and � is the mean
free time between collisions.

ω2
P = 8�

3

∑
kn

ϑ2
knı(εkn) (10)

where εkn is En(k) − EF and ϑkn is the electron velocity (in basal
plane) squared.

Fig. 5a and c depicts the variation of the imaginary part of the
frequency dependent dielectric function for the parent and inter-
calated compounds. The spectral broadening is taken to be 0.1 eV
which is typical for the experimental accuracy adopted for dielec-
tric crystals. The effect of the Drude term is significant for energies
less than 1 eV. The sharp rise at low energies is due to the Drude
term. Following the ε2(ω) spectra one can conclude that ε⊥

2 (ω)
has one main peak located around 2.0 eV, while εII

2(ω) presented

two main peaks situated around 1.5 and 2.0 eV. In the low energy
range we  noticed there is a considerable anisotropy between the
two components ε⊥

2 (ω) and εII
2(ω) whereas at energies >4.0 eV both

components contribute. After Li’s intercalation there is significant
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nfluence on the optical properties resulting in isotropic optical
roperties and the entire structures shifting towards higher ener-
ies with reducing the peaks height.

In general the peaks in the optical response are caused by the
llowed electric-dipole transitions between the valence and con-
uction bands. To identify these structures we should consider the
agnitude of the optical dipole matrix elements. The observed

tructures would correspond to those transitions which have larger
ptical matrix dipole transition elements. It would be worthwhile
o attempt to identify the inter-band transitions that are respon-
ible for the spectral features in ε2(ω) and ε⊥

2 (ω) and εII
2(ω) using

ur calculated band structure and density of states. Following the
and structures and density of states we noticed that intercalated
i caused to push the conduction and valence bands towards Fermi
nergy (EF) with more bands cuts EF. This change in the band
tructures influence the optical transitions and hence the optical
roperties of the intercalated compound. For simplicity we  have

abeled the optical transitions in Fig. 2, as A, B and C. The transition
 is responsible for the structures in ε2(ω) between 0.0 up to 4.0 eV,

 transition is responsible for the structure between 4.0 and 8.0 eV,
nd C transition is responsible for the structure between 8.0 and
2.0 eV.

The real part of the optical response can be calculated from
he spectral dependences of imaginary parts of the dielectric func-
ion using Kramers–ronig relations [40], as shown in Fig. 5b and c,
gain it shows a considerable anisotropy between the parallel and
erpendicular components of the optical response for the parent
ompound.

The spectral features of reflectivity spectra R(ω) were calculated
nd illustrated in Fig. 5d and e, for the parent and intercalated
ompounds. A reflectivity minimum around 2.5 eV and 3.5 eV for
he parent and intercalated compound confirms the occurrence of
he collective plasma resonance. The depth of the plasma mini-

um is determined by the imaginary part of the dielectric function
t the plasma resonance and is representative of the degree of
verlap between the inter-band absorption regions. We  notice
hat a reflectivity maximum around 3.0 and 6.0 eV for the parent
nd intercalated compound arises from inter-band transitions. We
otice that Li’s intercalation cause to shift the reflectivity minimum
owards higher energies by around 1.5 eV. The parent and the inter-
alated compounds show high reflectivity at low and high energy
anges. At around 12.5 eV both compounds show rapid increases in
he reflectivity. As there are no experimental or theoretical results
or the spectral features of the optical susceptibilities available
or these compounds, we hope that our work will stimulate more
orks.

. Nonlinear response

The parent compound has inversion symmetry and hence SHG
s symmetry-forbidden. Intercalated Li within Cu2Sb results in the
oss of inversion symmetry which in turn gives a non-zero SHG.
ur aim is to find new materials without inversion symmetry and
ossess SHG in order to use them as new nonlinear crystals for vis-

ble, ultraviolet and infra-red laser radiation at wavelengths that
re presently inaccessible via conventional sources. These materi-
ls have been in demand for many industrial, medical, biological
nd entertainment applications. In this work we aim to find novel
ulti-functional materials which can achieve all the demands for

eaching the goal of de-assigning the high technological research
ools. The complex second-order nonlinear optical susceptibility

ensor �(2)

ijk
(−2ω; ω; ω) has been written elsewhere [42]. It has

een demonstrated by Aspnes [43] that only one virtual-electron
ransitions (transitions between one valence band state and two
onduction band states) give a significant contribution to the
and Compounds 509 (2011) 7861– 7869

second-order tensor. Here we ignored the virtual-hole contribution
(transitions between two valence band states and one conduction
band state) because it was  shown to be negative and more than an
order of magnitude smaller than the virtual-electron contribution
for Li2CuSb compound. For simplicity we  denote �(2)

ijk
(−2ω; ω; ω)

by �(2)
ijk

(ω). The subscripts i, j, and k are Cartesian indices. Inser-
tion of Li into Cu2Sb leads to phase transition from tetragonal to
cubic structure, the symmetry along the optical axis breaks and
a measurable amount of second harmonic is generated. For non-
centro-symmetric compounds with cubic group symmetry, only
one independent nonzero element �(2)

123(ω) exists [44,45].  We have
calculated the imaginary and real parts of the second-harmonic
generation (SHG) susceptibility �(2)

123(ω). It is well known that non-
linear optical properties are more sensitive to small changes in the
band structure than the linear optical properties. This is attributed
to the fact that the second-harmonic response �(2)

ijk
(ω) involves a

2ω resonance in addition to the normal ω resonance. Both the ω
and 2ω resonances can be further separated into inter-band and
intra-band contributions.

The imaginary part of the �(2)
ijk

(ω) optical susceptibility tensor for
the lithiated phase Li2CuSb, is shown in Fig. 6a. We should empha-
size that this compound show very high SHG susceptibility. The
imaginary part for the SHG susceptibility oscillates around zero in
the energy range up to 6.0 eV. We  have calculated the complex
second-order nonlinear optical susceptibility tensor which con-
tains both the real and the imaginary parts. The real part of �(2)

ijk
(ω)

component is illustrated in Fig. 6b. The inter-band and intra-band
contributions to the ω and 2ω resonances are illustrated in Fig. 6c.
Following the inter-band and intra-band contributions we  note the
opposite signs of the two contributions throughout the frequency
range and ω resonance is smaller than the 2ω resonance. In the
low-energy regime the SHG optical spectra is dominated by the 2ω
contributions. In the higher energies the major contribution comes
from the ω terms. The structures in Im �(2)

ijk
(ω)  can be understood

from the structures in ε2(ω). Unlike the linear optical spectra, the
features in the SHG susceptibility are very difficult to identify from
the band structure because of the presence of 2ω and ω terms.
The first structure in Im �(2)

ijk
(ω) between 0.0 and 2.0 eV, is asso-

ciated with interference between a ω resonance and 2ω resonance.
The second structure between 2.0 and 4.0 eV is due mainly to 2ω
resonance. The last structure from 4.0 to 5.5 is manly due to ω
resonance.

In Fig. 6d we  show our calculated
∣∣∣�(2)

123(ω)
∣∣∣. ∣∣�123(ω)

∣∣ is cal-

culated from the Im �(2)
123(ω) and the Re �(2)

123(ω). The structures in∣∣∣�(2)
123(ω)

∣∣∣ can be understood from the structures in ε2(ω) in the

same way  for the Im.  �(2)
123(ω). The first peak for this component is

located at 2ω = 1.0 eV with the peak values of 49.0 × 10−7 esu.
We found that Li2CuSb possesses high second harmonic genera-

tion and its second order optical susceptibility of the total
∣∣∣�(2)

123(0)
∣∣∣

is equal to 142 pm/V. Based on this value the microscopic sec-
ond order hyperpolarizability, ˇijk, the vector component along the
dipole moment direction is about 31.01 × 10−30 esu.

5. Conclusion

In summary, we  have made the first-principles electronic struc-
ture calculations and predicted that Li2CuSb should be good

electrode materials for high capacity rechargeable batteries and
novel materials for second harmonic generation. We hope that
these predictions will be checked by further experimental stud-
ies. The electronic structure calculation in GGA is carried out by
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mploying the computer code WIEN2K, which is based on the full-
otential linearized augmented-plane-wave method.

Before closing this paper, let us discuss some prospects for future
tudies of this material, which may  include the following: (i) we
redict a lithium insertion voltage of 2.78 V for the Li/Cu2Sb, in
ood agreement with experimental value (3.0 V). (ii) The volume
xpansion for the transition from Cu2Sb to Li2CuSb is calculated to
e 26.5% which is in very good agreement with the experimental
ata (26.5%) (iii) this material offer an interesting opportunity for
tudying the effects of intercalation of Li into Cu2Sb on the elec-
ronic properties of parent material. In particular, for using this

aterial as electrodes for high capacity rechargeable batteries and
ovel materials for second harmonic generation. (iv) the symmetry
long the optical axis breaks and a measurable amount of second
armonic generation is generated as a consequence of intercalated
u2Sb with Li. (v) we should mention that this compound show
ery high SHG susceptibility (vi) intercalation of Li leads to phase
ransfer which may  be interested for other studies. (vii) the inter-
alation leads more bands cuts EF, resulting in high DOS at EF and
igh electronic specific heat coefficient.
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