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Basics of Graphene
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S. A. Mikhailov, Europhysics Lett. 79, 27002 (2007)
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Motivation & Outline

» Find the best method to model the nonlinear
response of Graphene

» Velocity Gauge:

F.H.M. Faisal, arXiv, 1, 0810.07881 (2008)
A.R. Wright, Appl. Phys. 44, 083001 (2011)

» Length Gauge:

C. Aversa and J. E. Sipe, Phys. Rev. B 52, 14636 (1995)
K. S. Virk and J. E. Sipe, Phys. Rev. B 76, 035213 (2007)

» Response of Graphene to THz field by
employing these two gauges




Velocity & Length Gauges

» Hamiltonian in the present of electric field:
H — HO ~+ H’

» Hamiltonian of the system in the absence of electric field:
_p*
Ho= —+ V(r)
» H’ is the interaction Hamiltonian.
H' = —% p.A(t) Velocity Gauge

H = —er.E(r,t) Length gauge

A. Chacona, J Computational Physics.1,1508 (2015)
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Gauge Choice

» Quantum mechanics is gauge invariant and both gauges should
give, in principle, identical results

» Convergence of dynamic equations using the velocity gauge
requires a large number of bands

» Divergences at zero frequency arise using the velocity gauge in
the nonlinear response

» The divergence can be removed by developing sum rules,
which become extremely complicated at high-order in the field

C. Aversa and J. E. Sipe, Phys. Rev. B 52, 14636 (1995)
K. S. Virk and J. E. Sipe, Phys. Rev. B 76, 035213 (2007)

5



Populations Dynamic Equations

Length Gauge:
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Coherences Dynamic Equations

Length Gauge:

dpcv :[ ( 3 )) &cv (k [pw (k) — pee (k)ﬂ
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Intraband
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Velocity Gauge:
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dt
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I. Al-Naib et al., Phys. Rev. B 90, 245423, 2014
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Current Density in Length Gauge

Interband Current:

8 e adpcv(k,t)
Je (1) = A|R6{sz dt }
k

Intraband

Intraband Current:
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I. Al-Naib et al., Phys. Rev. B 90, 245423, 2014
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Current Density in Velocity Gauge

Interband Current:

Jo(t) = 4;% Z ('fcv (k) pyc (k) — & (K)pey (k)) wWey (k)

4; Wey (k) (‘fcv (k)'fuc (k) + ‘fcv (k}'fvc (k)‘p VU (k t} Pce (k t))
k

n %Z(pw (80,10 ~ peul, 6010 Vs 1) - (0

Intraband Current:

Ji() = ——Z{pccac ) = puw(k, O}

+ ﬁ z Im {pe,(k, t) Vi [we, (k)& (k)] .
k
’ % {po (K, t) + p.c (K, t)
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Current Density

Effective Mass Sum Rule:
1 _10%En(k) Z Wi (k) (§m () & (K) + &1 ()&, (K))
m  h2? 9k*dkJ i m2(Ep, (k) — En(k))

Total Current Density:

B
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k
4 2
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8 2
+ = Z 11 {pey (k, ) Vi [y () e (R)] - A(E)}

4e? 02w, (k) 0% w. (k)
 Ah k< oz Pl O+ =75 pecll ) JA)

J. Callaway, Academic Press, Second_edition, (1974)
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First order Intraband Conductivity

» Length Gauge:

2ie’kgT
Ui(l) () = B pu

—In(2cosh(—))
mh?(w +7) 2

» Velocity Gauge:
2ie?kyT Lu
(1) _ B, re
o, (w) nh@ In(2cosh( 5 )

I. Al-Naib et al., Phys. Rev. B 90, 245423, 2014
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First Order Interband Conductivity

» Length Gauge:

hw
(1) f d(l)cv sinh IB( CU)
4nh ) o (Wepy — W — %) cosh fu + cosh ,B(%)

» Velocity Gauge:

. hw
S _ ie? ([ we, dw,, sinh (—=°)
Amh J\ @ (Wey — W — %) cosh Bu + Coshﬁ(—haz)cv)
>T — ©0

1
O'e()ZR
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Summary

» If one uses the mass sum rule and neglects scattering, two
gauges vield identical linear conductivities.

> If we consider scattering term, even the linear interband
conductivity is quite different in two gauges.

» One should do calculations in the interaction picture when
employing velocity gauge.

» Nonlinear response can be quite different for the two
approaches, due to the diverges arise at zero frequency in the
velocity gauge when one uses a basis with a finite number of
bands.

» One should use the length gauge for graphene when
calculating the nonlinear THz response.
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Thank Youl!
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Current

© IO = e [ G Vo ()P,

: Vi () = Vi (k) — €= 8, A(L)
o (nk|r |mk’) = 6(k —K)E,,,,, (K) + i0nm Vid(k — k')

Last term in the intraband current:

4ije? 1
A _ % {pcc (k: t) + Pyv (k: t)}E(t)

E = e Eqe " + e, Eqe™""
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Mass Sum Rule

1 10%En(k)

m ~ hokXokS |

+y D3 (KD () + D () DI (K)
mFn M2 (Ep (k) —En (k)

(n, k|pelm, k') = imwy,,,, (kK){(n, k|r.|m, k")
(n, klrglm, k") = (1 = 6pm)8(k — k") Snm (K, k')

(nk|r |mk') = 5(k — K¢, (k) + i0nm Vid(k — k)
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Linear Response

Velocity Gauge
Ec(k) — thk & E — —thk

4e2 1 ki
k

8e
O === ey, OIM{pG) U, 081 (e 1)
k

Length Gauge
J& = dev Z{péc) (O + piy) ()Y

& = 8e Re Z{Mk) PP 0
k
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First order Intraband conductivity (w)

» Velocity Gauge:
2ie‘kgT Bu
(1) _ B
0, (w) = . ln(2cosh(7))

» Length Gauge

2ie’kgT
o' (w) = B 1n(2cosh(ﬁ7“))

2 !
mh*(w + )
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Outline

» Motivation
» Velocity gauge and Length Gauge

» Comparing response of Graphene in Velocity
gauge and Length gauge

> Conclusion
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System Under Study

Energy

» Graphene on a substrate Incident Transmitted

fleld fleld

» Fermi level at the Dirac point
» Temperature of 30 K

» Scattering time of 50 fs

br(®) = NS s (0ra) + e~ X, (6rp)]e’ R
R

o, =1and o, = —1
X (k) = arg [f(k)]
f (k) =1+ e_ik'al + e—’ik'az
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Introduction: THz Band
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Moloney et a/., DOI: 10.1117/2.1201102.003523

» Numerous organic molecules exhibit strong absorption and dispersion due
to rotational and vibrational transitions
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Introduction: Graphene

P. R. Wallace, Physical Review 71, 622 (1947) K. S. Novoselov et al., Science 306, 666 (2004)
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First order Intraband Conductivity (T— 0)

Velocity Gauge in the Schrodinger Picture:
. 52
(1)_ ey
0y =55
mTh*w

Velocity Gauge in the Interaction Picture.

' 52
1 le“E
o= L
Th?(w+—)
Tc
Length gauge in the Schrodinger picture:
o; =

mh?(w + L)
TC

I. Al-Naib et al., Phys. Rev. B 90, 245423, 2014
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