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Abstract

Using Green'’s function method, the frequency dependence of optical conductivities of high-quality
MgB:; film is calculated in the framework of the single- and two-band model. By comparing the
numerical and experimental results, it is shown that the single-gap isotropic model is insufficient
to understand consistently optical behaviors. Also, it is concluded that the two-band model con-
sistently describes the optical behaviors. In the two-gap model, we consider that the both compo-
nents of optical conductivity are a weighted sum of the contribution from ¢ and m bonds and hy-
bridization between them is negligible.
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1. Introduction

The discovery of MgB, superconductor [1] at relatively high temperature T. =39 K has appealed much atten-
tion in theoretical and applied condensed matter physics. This material has been known as the first supercon-
ductor which has two energy gaps at the Fermi surface: 1) in the two dimensional band () and 2) three dimen-
sional band (z) [2] [3]. The inter-band scattering between them is negligible. To explore the mechanism of su-
perconductivity in this material, it is crucial to determine the symmetry of the superconducting order parameter
which governs the behavior of quasiparticle excitations below T .

There have been several studies to detect the MgB, gaps. The isotope effect of boron has suggested that MgB,
is a BCS-type superconductor [4] and the high T. is realized through strong electron-phonon coupling with
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light boron mass. Several studies have shown two different superconducting gaps [5] [6]: a gap much smaller
than the expected BCS value and another is comparable to the BCS value given by 2A =3.53k,T. . Their ratio
is estimated to be A, /A, ~0.3-0.4 using several experiments. The two-gap model is shown to consistent-
ly describe the optical conductivity and thermodynamic properties of MgB, [7]-[9]. However, there is no general
agreement whether MgB, is an s-wave BCS type superconductor or not. In conventional s-wave superconduc-
tors, there is no quasiparticle excitation at low energies and the thermodynamic and transport coefficients decay
exponentially at low temperatures. In this superconductors, the deviation of penetration depth A4 (T) from its
zero temperature value A(0) exhibits activated behavior [10] i.e. AA(T)oce™" (weset ky ==1 through
the paper), reflecting the isotropic BCS energy gap at the Fermi surface. In contrast, in unconventional super-
conductors with gap nodes, such as in high-T. oxides, power law behaviors are expected in thermodynamic
and transport coefficients at low temperatures [11].

Pronin et al. measurements [12] show that the low temperature dependence of penetration depth of MgB, film
hasa T2 behavior. This disagreement with BCS calculations could be caused by an additional absorption. Also,
theoretical calculations of A. A. Golubov et al. [13] and A. Brinkman et al. [14] show that the penetration depth
is well described by two band model.

Kaindl et al. [15] measured both components of complex conductivity of MgB, film as a function of fre-
quency for different temperatures. They compared their results with conventional superconductors and con-
cluded that their results were inconsistent with BCS calculations. This disagreement with BCS calculations
could be caused by an additional absorption.

In this paper we introduce the new view of the frequency dependence of optical properties of MgB,. Numeri-
cal calculations of frequency dependence of optical conductivities are carried out by proposing different kinds of
energy gaps. We show that the optical conductivities are well described by a two-band superconductor model
with different anisotropies in k-space. First, we conclude that the single-gap model is insufficient to understand
consistently the optical behaviors. Then, it will be shown that the two-gap model with different symmetries in
k-space is sufficient to understand optical properties. In this model the larger gap Ao approximately follows
of ordinary usual BCS-like curve and the smaller gap Az deviates from the usual BCS-like behavior and is
similar to a d-wave energy gap. Both gaps are expected to close at the same transition temperature.

2. Formulation of the Problem

Our model of MgB, by a Hamiltonian has two bands, labeled o and 7, which hybridize through an inter-site
hopping term, then the Hamiltonian reads

H=H, +H,+H, 1
where
H, =z€pcpacpa+ z Ve ( ) p+a,0C D ~4.0Cp,oCp,o @)
po PPqO'O'
Hy :zgpdpadpo"' Z Vdd( ) peqodpaoldyodps 3
po quUG
z V ( )( p+q.0 JF; quP O'dpff+d;+q0'd; —q.0 PO'CPO') (4)

Pp ‘qoo’

Here, c and d are referred to o and 7 bands with creation and annihilation operators c*, ¢, d*, d, re-
spectively, and ¢, is the quasi-particle energy with respect to Fermi energy. The pairing potentials V. and
V,, act intra-band and V_, is the inter-band interaction dominated by multi-phonon processes. We define the
green function for the o -band as [16]

G, (p.7=7)=~(T.C,, (7)c}, (7)) 5)
R (p.r—1)=(T.c,, (c)c (7)) (6)
R (pr=t)=(T.co1 (7)c,. (7)) )



A. Shojaei et al.

We can write the similar equations for 7 band. By using the Gorkov equations in superconducting state:

[—ai—gijc(p,r—r’)+Ac(p)F;(p,z’—z"):é‘(r—z") ®)
T
(_ai+gpjec(p,f_ff)wc(p)ec(p,f-f):o ©)
T

where A (p) isthe gap energy in o band and is determined by
Ac ( p) = _zvcc (q) Fc ( p_qlo)_zvcd (q) Fd ( p—q,O) (10)
q q

We assume that the hybridization between o and =z bands is negligible, and then the last term in Equa-
tions (1) and (10) can be ignored. In this case two parts of the Hamiltonian (H, and H,) are independent.
Therefore, the o and 7z bands has the similar relations and we omit the indexes ¢ and d.

Optical conductivity describes the linear response of a material, which is exposed to an electromagnetic field.
This field induces shielding currents

J; (q,a)):—z Kij (0.@) A (0, @) (11)

where i,j=X,y,z, @ isthe phonon energy, A, (qa)) is the Fourier transform of the covariant vector po-
tential and K; (qa)) is the response kernel which depends only on the properties of the material. It can be ex-
pressed in terms of quasiparticle propagators G (q, a)) and once this is known, the optical conductivity follows

i .
O'(q,a))=;K(q,la)). (12)
The real and imaginary parts of the optical conductivity are given by
1 .
als:Rea(a;):—;lm[K(q,a)Hé)] (13)
1 .
oy = IMo(w) :—;Re[K(q,a)Hé')] (14)

where & is a positive infinitesimal. The response kernel is given by the current-current correlation function as
[16]

. 1 s
K(q,lw)=—gjo dr(J(q,7)-J(-0,0)) (15)
where V is the volume of the system and the current expression in the case of noninteracting particle is given by
e D q +
J(q):H;[P-FEjC,Hq'UCp'U. (16)
By using Equation (16), Equation (15) can be written as
: 2¢* 1 EpiEp. AN 1
K (0,io)= pd=(f(E )-f(E 14 2pr%e | Tl
i (q CU) Vm? Zp: Pi P; {2( ( p+) ( p_))|: E,.E,. E,E, } i+ E,. —E,

1 Ep+ Ep- | Aply 1
- f (B )~ f (Ep)){[l‘ E }( +E_J_ E,HEp}ia)—Em—E 47

p+ p p-

S TRUCARUCS RE- S _ﬂ—}

p+=p- p+ p+

where p+=p+q/2 and p-=p-q/2.
Here, we consider thin film satisfying d <& ~uv. /A for the film thickness d and the coherence length &.
In these cases we can regard p+ and p— as independent variables. Since qug > A~ @ we can do Abri-

()
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kosov’s replacement [17]

1
4que

J.dgmdgpf. (18)

Zq:—> N (0)

Then in the isotropic case we obtain the Mattis-Bardeen formula from Equations (13) and (14):

% (o)1 0N W0 E)1-21 08 1 olo-2
| 2 (19)
+2%J‘:dEN (E)N(0+E)(f(E)-f(o+ E))(l+ﬁj
%(a)):l A dE (1-2f (w4 E)) E(E+o)+A? "

o, @ M) JA?—E? J(E+ o) A
where o, is the real part of the conductivity for normal state and N (E): E/\/ E®—A? is the density of
states that generalized to N (E) = <Re E/JE2 —A§> , where the bracket indicates the average over the Fermi
k

surface.

3. Numerical Results

Now, we present the numerical solutions of complex conductivity of MgB, film in the frequency range
O<k<16cm™ for different temperatures. We use the temperature dependence of energy gaps as [18]

po‘ﬂ 1/2
By (T) =By (To)x 1= (T/T ) | 1)
The anisotropy of d-wave gap considered in this paper is
A, (T.k)=A,(T)(1+acos20). (22)

Here, 6 is the angular deviation of k from the given node direction in the basal plan. The parameter a deter-
mines the anisotropy. We have chosen A_(T,)=3.71meV, A_(T,)=1.18meV, p =298 and p, =1.78
so that the theoretical curves for two-band model at lowest frequency (a): 2 meV) match the experimental
values of o, (solid squares curve of Figure 3 in Ref. [15]). For A_ (T, k) , the average over the Fermi surface
in Equation (19) for 0<a<1 isgiven by:

w l o V4
e |k (57 - co<ra @
1l |w
=2 —awF(y,k), (l+a)A<w (24)

where k* =(0—(1-a)A)/20, 7/:sin‘l\/4aAa)/[(a)—(1—a)A)(a)+(1+a)A)] and F(y,k) is the elliptic

integral of the first kind.

In Figure 1 and Figure 2 we show our numerical results for the real and imaginary parts of optical conductiv-
ity as a function of frequency for T=6K and a=0.5. The solid and dotted curves represent the real and
imaginary parts of optical conductivity for s-wave and d-wave gaps separately. These curves do not fit the expe-
rimental results of Kaindl et al. [15], which is shown in the Figure 3 of their paper. The d-wave curve of real
part of conductivity is bigger than s-wave curve at same temperature. Thus the main contribution to the optical
absorption comes from 7 band. However, within the single-gap model, it is difficult to understand the optical
behaviors measured by experimental method of Kaindl et al. [15].

Here, a two-band model with different anisotropies is investigated. We assume that the hybridization between
o and = bands is negligible so that the optical conductivities are given by
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Figure 1. Frequency dependence of the real part of optical conductivity
o,(w) normalized to its normal state value o, (40 K) for T=6K.
The solid and dotted curves represent the real part of optical conductivity
for s-wave and d-wave gaps separately. The open circle curve indicates
o, (@) using the two-band model.

15

0.5F

ox4meV

Figure 2. Frequency dependence of the imaginary part of optical conduc-
tivity o,(w) normalized to its normal state value o, (40K) for

T =6 K. The solid and dotted curves represent the imaginary part of opti-

cal conductivity for s-wave and d-wave gaps separately. The open circle
curve indicates o, (w) using the two-band model.

0; =W,,04, +W,, 07, (25)
Oy =Wy, 05, +W,, 05, (26)

and w, are the weighting factors with w,_+w,_ =1 and w, +w, =1, which deter-

()

Wlo" Wl/r’ WZ
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mines the contributions from o and =z bands. The open circle curves in Figure 1 and Figure 2 indicate opt-
ical conductivities using the present two-band anisotropic model. For ® >1, these curves are in good agree-
ment with experimental result of Kaindl et al.

In this curves, the best fit to the experimental data are obtained if we assign the ratio of the weights of the o
band to that of the 7 -band as w,_/w,, =0.35/0.65 and w,, /w, =0.4/0.6,which approximately agrees with
band structure [19] and complex conductivity [20] calculations, respectively. These weights show that the main
contribution to the optical conductivities comes from the three dimensional band. The open circle, solid and
dotted curves in Figure 3 and Figure 4 are calculated for T=6K, T=175K and T =24 K respectively.
These curves are in good agreement with Kaindl et al. [15] measurements.

A

0.5 1 15 2 25 3 35 4
ox4meV

Figure 3. Frequency dependence of Real part of conductivity for differ-
ent temperatures. The open circle, solid and dotted curves are calculated
for T=6K, T=175K and T =24K respectively.
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Figure 4. Frequency dependence of imaginary part of conductivity for
different temperatures. The open circle, solid and dotted curves are cal-
culatedfor T=6K, T=175K and T =24 K respectively.
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4. Conclusion

By using Green’s function method and linear response theory we have calculated the frequency dependence of
the real and imaginary parts of optical conductivity of MgB, film in the framework of two-band theory. We have
shown that a single-gap model is insufficient to describe the optical behaviors, but the two-band model with dif-
ferent symmetries can explain the experimental results consistently. Also, we have shown that the electrons in
7 band have greater contribution in the optical and transport behaviors than do electrons in the o band. We
have considered that the optical conductivities are a weighted sum of the continuation from each band and the
interaction between them is negligible.

References

(1]
(2]

(3]

(4]

(5]
(6]

(7]

(8]

(9]

[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]

Nagamatsu, J., Nakagawa, N., Muranaka, T., Zenitani, Y. and Akimitsu, J. (2001) Superconductivity at 39 K in Mag-
nesium Diboride. Nature (London), 410, 63-64. http://dx.doi.org/10.1038/35065039

Golubov, A.A., Kortus, J., Dolgov, O.V., Jepsen, O., Kong, Y., Andersen, O.K., Gibson, B.J., Ahn, K. and Kremer,
R.K. (2002) Specific Heat of MgB, in a One- and a Two-Band Model from First-Principles Calculations. Journal of
Physics: Condensed Matter, 14, 1353. http://dx.doi.org/10.1088/0953-8984/14/6/320

Liu, A.Y., Mazin, L.I. and Kortus, J. (2001) Beyond Eliashberg Superconductivity in MgB,: Anharmonicity, Two-
Phonon Scattering, and Multiple Gaps. Physical Review Letters, 87, Article ID: 087005.
http://dx.doi.org/10.1103/PhysRevL ett.87.087005

Kotegawa, H., Ishida, K., Kitaoka, Y., Muranaka, T. and Akimitsu, J. (2001) Evidence for Strong-Coupling s-Wave
Superconductivity in MgB,: B11 NMR Study. Physical Review Letters, 87, Article ID: 127001.
http://dx.doi.org/10.1103/PhysRevL ett.87.127001

Mazin, I.I. and Kortus, J. (2002) Phys. Rev. B, 65, Article ID: 180510. http://dx.doi.org/10.1103/PhysRevB.65.180510

Giubileo, F., Roditchev, D., Sacks, W., Lamy, R., Thanh, D.X., Klein, J., Miraglia, S., Fruchart, D., Marcus, J. and
Monod, P. (2001) Interpretation of the de Haas-van Alphen Experiments in MgB,. Physical Review Letters, 87, Article
ID: 177008. http://dx.doi.org/10.1103/PhysRevL ett.87.177008

Nuwal, A. and Lal Kakani, S. (2013) Theoretical Study of Specific Heat and Density of States of MgB, Superconduc-
tor in Two Band Models. World Journal of Condensed Matter Physics, 3, 33-42.
http://dx.doi.org/10.4236/wjcmp.2013.31006

Cunnane, D., Zhuang, C., Chen, K., Xi, X.X,, Yong, J. and Lemberger, T.R. (2013) Penetration Depth of MgB, Meas-
ured Using Josephson Junctions and SQUIDs. Applied Physics Letters, 102, Article ID: 072603.
http://dx.doi.org/10.1063/1.4793194

Moarrefi-Romeileh, M., Yavari, H., Joata-Bayrami, A.A. and Abolhassani, M.R. (2011) Temperature Dependence of
Transmittance and Effective Surface Resistance of MgB, Film. Physica B: Condensed Matter, 406, 4135-4138.
http://dx.doi.org/10.1016/j.physb.2011.08.011

Manzano, F., Carrington, A., Hussey, N.E., Lee, S., Yamamoto, A. and Tajima, S. (2002) Exponential Temperature
Dependence of the Penetration Depth in Single Crystal MgB,. Physical Review Letters, 88, Article ID: 047002.
http://dx.doi.org/10.1103/PhysRevL ett.88.047002

Jin, B.B., Klein, N., Kang, W.N., Kim, H.-J., Choi, E.-M. and Leg, S.-I. (2002) Energy Gap, Penetration Depth, and
Surface Resistance of MgB, Thin Films Determined by Microwave Resonator Measurements. Physical Review B, 66,
Article ID: 104521. http://dx.doi.org/10.1103/PhysRevB.66.104521

Pronin, A.V., Pimenov, A., Loidl, A. and Krasnosvobodtsev, S.I. (2001) Optical Conductivity and Penetration Depth in
MgB,. Physical Review Letters, 87, Article ID: 097003. http://dx.doi.org/10.1103/PhysRevL ett.87.097003

Golubov, A A., Brinkman, A., Dolgov, O.V., Kortus, J. and Jepsen, O. (2002) Multiband Model for Penetration Depth
in MgB,. Physical Review B, 66, Article ID: 054524. http://dx.doi.org/10.1103/PhysRevB.66.054524

Brinkman, A., Golubov, A A., Dolgov, O.V., Kortus, J., Kong, Y., Jepsen, O. and Andersen, O.K. (2002) Multiband
Model for Tunneling in MgB, Junctions. Physical Review B, 65, Article ID: 180517.
http://dx.doi.org/10.1103/PhysRevB.65.180517

Kaindl, R.A., Carnahan, M.A., Orenstein, J. and Chemla, D.S. (2002) Far-Infrared Optical Conductivity Gap in Su-
perconducting MgB, Films. Physical Review Letters, 88, Article ID: 027003.
http://dx.doi.org/10.1103/PhysRevL ett.88.027003

Mahan, G.D. (1990) Many-Particle Physics. Second Edition, Plenum Press, New York.
http://dx.doi.org/10.1007/978-1-4613-1469-1

Abrikosov, A.A. (1988) Fundamentals of the Theory of Metals. North-Holland, Amsterdam.



http://dx.doi.org/10.1038/35065039
http://dx.doi.org/10.1088/0953-8984/14/6/320
http://dx.doi.org/10.1103/PhysRevLett.87.087005
http://dx.doi.org/10.1103/PhysRevLett.87.127001
http://dx.doi.org/10.1103/PhysRevB.65.180510
http://dx.doi.org/10.1103/PhysRevLett.87.177008
http://dx.doi.org/10.4236/wjcmp.2013.31006
http://dx.doi.org/10.1063/1.4793194
http://dx.doi.org/10.1016/j.physb.2011.08.011
http://dx.doi.org/10.1103/PhysRevLett.88.047002
http://dx.doi.org/10.1103/PhysRevB.66.104521
http://dx.doi.org/10.1103/PhysRevLett.87.097003
http://dx.doi.org/10.1103/PhysRevB.66.054524
http://dx.doi.org/10.1103/PhysRevB.65.180517
http://dx.doi.org/10.1103/PhysRevLett.88.027003
http://dx.doi.org/10.1007/978-1-4613-1469-1

A. Shojaei et al.

[18] Choi, H.J., Roundy, D., Sun, H., Cohen, M.L. and Louie, S.G. (2002) The Origin of the Anomalous Superconducting
Properties of MgB,. Nature, 418, 758-760. http://dx.doi.org/10.1038/nature00898

[19] Yanagisawa, T. and Shibata, H. (2003) Orbital-Dependent Two-Band Superconductivity in MgB,. Journal of the
Physical Society of Japan, 72, 1619-1622. http://dx.doi.org/10.1143/JPSJ.72.1619

[20] Belashchenko, K.D., Van Schilfgaarde, M. and Antropov, V.P. (2001) Coexistence of Covalent and Metallic Bonding
in the Boron Intercalation Superconductor MgB,. Physical Review B, 64, Article ID: 092503.
http://dx.doi.org/10.1103/PhysRevB.64.092503



http://dx.doi.org/10.1038/nature00898
http://dx.doi.org/10.1143/JPSJ.72.1619
http://dx.doi.org/10.1103/PhysRevB.64.092503

	Frequency Dependence of Optical Conductivity in MgB2 Superconductor
	Abstract
	Keywords
	1. Introduction
	2. Formulation of the Problem
	3. Numerical Results
	4. Conclusion
	References

