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Abstract

We present a qualitative and quantitative study of magneto-thermoelectric effect of graphene. In the
limit of impurity scattering length being much longer than the lattice constant, the intra-valley scattering
dominates the charge and thermal transport. The self-energy and the Green’s functions are calculated in the
self-consistent Born approximation. It is found that the longitudinal thermal conductivity splits into double
peaks at high Landau levels and exhibits oscillations which are out of phase with the electric conductivity.
The chemical potential dependent electrical resistivity, the thermal conductivities, the Seebeck coefficient,
and the Nernst coefficient have been obtained. The results are in good agreement with the experimental

observations.
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1. Introduction

Graphene, a single-atomic-thick honeycomb-like allotrope of carbon, has attracted intense interest since it
was discovered in 2004 (1. On the basis of its potential applications in electronic devices, the electromagnetic

responses in the graphene have been investigated. Its peculiar band structure, described by the effective massless

(2-5]

Dirac Hamiltonian at low-energy , results in a large amount of novel features in the electrical transport

[6-14]

under magnetic field It has been shown that graphene has many unusual thermoelectric and thermal
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transport properties [15-38]

. Because of the sensitivity to the ambipolar behavior of graphene, the measurement
of thermoelectric transport properties is regarded as an effective tool to deal with the additional characteristics
of graphene, which are difficult to obtain from the electric conducting measurements. The Seebeck and Nernst
signal in the graphene have been measured in the quantum Hall (QH) regime (15-21] " in which the Seebeck
coefficient displays a large peak and the Nernst signal displays a large oscillation at each Landau level (LL). The
measurement of the Seebeck coefficient exhibits an abnormal sign change around the zeroth LL in comparison
with other LLs [15-1719 Later, the extensions of the intrinsic thermal properties have been made towards

o [39-41]

the investigations of the thermoelectric effect in bilayer graphen . There have been several theories put

[42-50] " Some of the observed

forward to explain the Seebeck and Nernst effects of graphene in the QH regime
thermoelectric properties are not yet fully understood.

In this work, we perform a systematic study on the thermoelectric effect and thermal transport in the
magnetically quantized graphene. We consider the scattering range of impurity much smaller than the electron
wavelength and much longer than the lattice constant. In this limit the inter-valley scattering is much weaker
than the intra-valley scattering. By employing the self-consistent Born approximation (SCBA), the Green’s
function and the self-energy are determined. Based on the Green’s functions, all other coefficients of electrical,
thermoelectrical, and thermal transport are calculated within the linear response theory. Although the thermal
transport properties may be influenced by the acoustic and the optical phonon through inelastic electron-phonon
scattering at high temperature, the electric contribution of graphene dominates over the phonon contribution
at low temperatures. The temperature in the experiments have been confirmed below 50K 51531, Therefore,
we neglect the effect of phonon on the graphene and concentrate on the influence of the impurity scattering in
this work. The calculated results are in good agreement with the experimental findings.

The article is organized as follows. In the next section, we present the Hamiltonian describing the electrons
under a strong magnetic field. The intra-valley interaction potential for the impurity scattering is introduced.
The Green’s function with a self-energy correction from the intra-valley impurity scattering is calculated within
the SCBA. In Sec. III, we present the general relations between the thermoelectric transport coefficients. In Sec.
1V, we calculate the thermoelectric response coefficients. The results have been compared with the experimental

measurements. A summary is given in Sec. V.

2. Hamiltonian and Green function in SCBA

2.1. The graphene in presence of a magnetic field

Utilizing the k-p method or with the effective-mass approximation ®* %8, the nearest-neighbor tight-

binding model of graphene without the impurity scattering leads to an effective Hamiltonian
Ho = vr(T0 ® 04px + T2 @ Oypy), (1)

where vr is the Fermi velocity. In this expression, o, 0y, and o, are the Pauli matrices describing the pseudo
spins, 75, 7y, and 7, are the Pauli matrices describing the valleys K and K’ in the reciprocal space, oy and
7o are 2 x 2 identity matrices. In the presence of a uniform magnetic field in the direction perpendicular to

the graphene sheet, p is replaced by the mechanical momentum w = p + eA. In the Landau gauge, the vector



potential takes the form A = (0, Bz, 0) (we use the SI units and electron charge is —e (e > 0)). We shall neglect
the Zeeman energy since it is much smaller than the LL spacing. The wave function should be written in a

basis

U = (Yak, V8K, Yar, —VBK') (2)

where 7 stands for the transpose, ¥4,k /K’ are the components of the spinors, and A and B represent the
two inequivalent carbon atoms in the honeycomb hexagon lattices of graphene. The states can be obtained by

solving the eigen equation HoV = e¥. The eigenvalues are

en = sgn (n) hw/In], (3)

and the eigenstates are given by \Ilzky (z,y) = Cn (1/\/Ly) eikyyéz’ky (x), with

OF (x) = (=i %520 (1) Gpu-1, (2) B, (2),0,0)7 (4)

and

;. (2) = (0,0, Gpa s, (x), —i % sgn (n) dpaj-1, (2)) (5)

where C,, = 1 for n = 0 and 1/+/2 for n # 0, sgn (z) is the sign function,

exp [*%(L?yl )? s
qb‘nl,ky (x) - (2|n‘ |n|'ﬁl)1/2 |’I’L|( l )7

n is a integer number, H,, () is the Hermite polynomial, &, is the wave vector along y direction, | = \/hi/eB,
hw = \/2hvg /1, and n = £1 for the K (4) and K’ (—) valleys, respectively.
2.2. Intra-valley impurity scattering

Now we consider the impurity scattering. Utilizing the k - p method or with the effective-mass approximation 4691,

the effective potential with impurity scatters at rf (¢ = A, B) are given by

ua(r —rd) 0 Wy (r — ri)ei! 0
0 ug(r — rf) 0 ug(r — rlB)eieiB
Ulr) = I Ay p—if ¢ ’ ()
ot | wAlr —r)e™™ 0 ua(r —r;) 0
0 u(r — TZB)e_iaiB 0 ug(r — rf)

where 05 = (K'-K)- rf. If the effective range of the impurity potential is much smaller than the typical
electron wavelength, (which is the case near the Dirac point), the r-dependent potentials can be approximated
by 6(r — r;). On the other hand, if the effective range of the impurity potential is larger than the lattice
constant, the inter-valley scattering between K and K’ valleys can be neglected [°6:58-601 " This argument was
used to classify the intra-valley potentials as a type of long-range potentials by T. Ando et al. [?%6  The
scattering potential is written as,

Ui (1) = 10 ® oouid(r — r;), (7)

where r; is the impurity position and wu; is the intensity of the scattering. The intra-valley scattering forbids
the scattering between the states in K and K’ points. Including the scattering potential in Eq. (7), the full
Hamiltonian is given by H = Ho + U (r), where U (r) = >, U, (7).



2.3. Green’s function with the self-energy corrections in SCBA

The Green’s function is defined by G (€) = [¢ — #]™". The matrix elements of unperturbed Green’s function

in the representation of the LL basis are diagonal, i.e., G'*) () = (a|[e — Ho] "oy = Soer GV (€), where

1
€ —sgn (n) hwy/|n]’

specified in a set of quantum numbers o = (n,n, ky).

GO (¢) = (8)

The electron-impurity scattering is studied through the impurity-averaged Green’s function within the
SCBA. The disorder term Eq. (7) is treated perturbatively with respect to the impurity-free Green’s function
G((lo) (e). Averaging over all possible configurations of random distributions of impurities, the matrix elements

of G (¢) are given by Dyson’s equation,
(Gaar (€)) = 5aa/Gg¢0) () + G&O) (e) Z Taar (€) (Gaar (€)), (9)
a/
where the self-energy ¥, (€) is introduced within the SCBA,

Saa () = Y (Uaa,Uajar (€)) (Gayay (€)) (10)

o
and G (¢) = [e — Ho — ¥ (¢)] . The average Green’s function and the self-energy can be derived self-consistently
for random impurities <(u2)2> = u2. The concentration of impurities is given by niy,. The self-energy can be

decomposed into a diagonal part () (¢) and a off-diagonal part £(°) (¢), i.e.,
Saar (€) = Saar D) (€) + d0,—ar 2 (6), (11)

where £a = (1, £n, k,) is a composite quantum number. The off-diagonal elements between the LL indices +n

and —n are non vanishing. The self-energy terms in above equation can be written as

Nc
20 (0 = ¥ () Y [6P (0 + G (9] (12
n=—N_.
and
N
2O () = 3 () > [61 (0+6 ()] (13)
n=—N,.

where the dimensionless parameter V = nj,u?/ (471'1}%) is a measure of the intensity of scattering within the
SCBA.

The impurity-averaged Green’s functions are reduced to the form

<G(¥Ot' (€>> = 66!01’@1(1]3) (6) + 601,—0/@510) (6) ) (14)
where o)
_ O
G® (¢) = SR — (15)
(e+ e, —ED)) (e —€, — D)) — ()
and
_ $(0)
G (e) = = = —on? (16)
(e+en —ZD) (€ — e, — ZD) — ((9))
The scattering matrix elements between different quantum states are given by
U"n/ﬁkyk;mn’ = ui(s‘]y,ky*k; 57]77/eiiqui Cncn/Sgn (TL) sgn (TL,) [Iln\,ln’l + I\n|—1,|n’|—1} 3 (17)



where

M) (())
Tint = (1) V([ = DL/ [=1)!

N = min(|n| — 1,|n'| = 1), M = max(|n| — 1,|n’| — 1), and LE\J[\/FN) (x) is the associated Laguerre polynomial.

2l
exp [q (i4lk, — qxl)] ,

4

3. Linear response theory and transport coefficients

Within the linear response theory, under an applied field and a temperature gradient, the electrical current

€ and energy current 5 can be written in the general form:
j¢ =L -E+L°". X", (18)

and

j¥ =LPC-E+L"F. X", (19)

where the external force for the temperature-gradient is expressed in the form X = TV (1/T). The coefficients

LCC, LCE, LEC, and ILEE

are general tensors. They can be expressed in terms of the current-current correlations
N together with the corrections from the magnetization M#, %/ = N* 4 M [61-64] " with the subscripts i and
j (= C or E) standing for the charge and the energy currents in the current-current correlations. Utilizing the

Kubo-Stréda formalism, the current-current correlation N¥ is given by

iq ih teo idG(E_;_()) i i ‘dG(E_O)
Najb(Thu’):ﬁ[m deF (6)TI'<|:Jadejg(S(G—H)—Ja(S(G—H)JgdE , (20)
while the corrections due to the magnetization M;; are M%,, = 0,
CE e [T
MGE = —5T5 [ defi (T (8 e~ ) (raty = o) (21)
and
1ofree
MEF = — defr (€) Tr([6 (e — H) H (ravp — Tb0a)]) (22)

where a and b denote the spatial components (x or y), exg = € £i0, JC (= —ev,) and JZ (= {H,v,} /2) are
the operators of charge current and energy flux, respectively, and fr (¢) = 1/(1 4 e(c=#)/k8T) ig the equilibrium
Fermi-Dirac distribution function, L? is the area of the system and the velocity operators v = (—i/h) [r, H].
The physical meaning of the coefficients in Eqs. (18) and (19) are: LEC

(1/T) [(n/e) + LY~ . LOF] = § is the thermopower, (1/T) [LFF — LFC¢ . LCC~1.LCF] = g is the thermal

= o is the electrical conductivity,

conductivity, and the thermoelectric figure of merit ZT = 0,,52,T /K. The thermopower and the thermal
conductivity are obtained under the condition of zero electric current.

The electrical conductivity is given by o, (T, 1) = LEC (T, 1) and can be written in the form
Oab (T7 ,u) - O—ib (T7 HJ) + Uélg (Ta :U‘) : (23)

ol (T, 1) and oIl (T, 1) can be obtained from the Green’s functions by the following formula,

ot = [ ae[FEO ol 0., 24

— 00

and



2 +oo € €
oI (T, ) = BE T /m defr (€) Tr<vadG((1€0)vbG(eo) - anvb(?(eﬂ)) —(a ¢ b)>, (25)

 4mL2
where
I gs€2h
ap (0, €) = 75 Tr (va (G (e40) — G (€-0)) v6G (e-0) = valG (€40) vy (G (€40) — G (€-0))) (26)
gs is the degeneracy of spin. Applying the relations v = (—i/h) [r,H] and dG (¢ +i0) /de = — [G (e +1i0)]?,

oll (T, i) can be rewritten as

+oo €
ot = [ ae |- ot 0.0, (27)
where
01 (0.6) = =375 T (s — ) (G (e40) = G (e=0))) (28)

The electrical conductivity is expressed as

7 (o) = [ ae [—dfge(ﬂ o (0,6 (29)

with oqp (0,€) = o, (0,€) + o1l (0,€). In the calculations of o4 (0, 1), we need to use the matrix elements of

the velocity operators in the representation of the LL basis

V,aa! = UFCn/Cnémn/(skyké [1 * Sgn(n/)é\n|+1,\n/| —ix Sgn(n)é\n|—1,|n’\] ) (30)

Vy,aa! = UFCnCn’ann/dkyk; [Sgn(n)am\—l,m’\ + Sgn(n/)d\n|+1,|n’d ’ (31)
and the vortex correction in the SCBA
I'= (G (€) vG (€)) = (G (€)) va (G (€)) + (G (¢€)) (ULU) (G (e)) - (32)

Similar with the conductivity, it has been shown that LSF (T, 1) and LEF (T, 1) can be obtained in terms

of the gy (0, €) through the following relations [61:63:65]
1 d
]Lng (T7 M) = ]LaEbc (Ta :u) = _g /de |:_ fg (6):| €0ab (Oa 6) ) (33)
€
and
1 dfr (e
LEE(T, u) = = /de [— fge( )] oap (0,€). (34)

4. The magneto-transport coefficients of graphene

The thermoelectric and thermal response coefficients can be obtained by Eqgs. (29), (33), and (34). In the

following subsection, we will evaluate the conductivity tensor by the Green’s functions within the SCBA.



4.1. Analytical formula for calculating the conductivity
4.1.1. The longitudinal conductivity

The longitudinal conductivity is 0. Since (ryvy — ryv,) = 0, therefore Eq. (28) shows ol (0,¢) = 0. The

longitudinal conductivity is o, (T, 1) = oL, (T, p) = f+OC: e[— (dfr () /de)] oL, (0,¢), where
0—;;1; (07 6) = 2Yzm (6+Ou 670) - Y:L’x (€+07 6+O) - Y:L’m (6707 570) s (35)
with
’ gs€*h /
Yab (6,€") = L2 Tr (v,G (€) VG (€')) . (36)

Taking account of the impurity scattering within SCBA, it is found that

7 (e €)
27rh 1—2V505 (6,€))’

Yoo (€, 6

where ¢! (¢,¢') = [Uw»2/2}§:nzog;+1<e>g:<eﬂ and @2 (e,¢') = [()” /2] 2,20 G5 (€) Gy (€). We define
G (e)as gt (e) = (1/2) {@f (e) + G, (e)} , where G () = G'P (e)ié%o) (€). The self-energy can be obtained

by self-consistently solving the equation

>

n=0 (e - i*‘) (e - i—) —€e2
Then the Green’s functions G (¢) are obtained G (¢) = (6 +en — EJF) / [(e — i*) (e . f]’) —€ }7 so that

7 0= (- 57) [fe- ) (- 5) 2]

4.1.2. The Hall conductivity

5% (e) = V (hw)? (38)

We now calculate the Hall conductivity o4 o, (0,€) is found as

O'iy (07 6) = QYLy (€+07 6—0) - Yzy (€+07 6+0) - Yly (6—07 6—0) ) (39)
where
’ 7 (e, €)
Ym / — gs€ -1 B+1 14 ) . 4
v =om 2 U G a6 o (40)
p=1,2
We have ol (T, ) = [*37 de [~ (dfr (¢) /de)] oL, (0,¢).
o1l (0,¢€) is found as
011 (0,6) = ST (1w, — ryva) 8 e — H)). (41)

where we have used the relation § (€ — H) = (i/27) [G(e40) — G(e—o)]. ol) (T, ) can be written as

dﬁﬂm=%¥/ﬂ%dﬂ) e ((ravy =) ).

212 de

Under the Landau gauge, we have A = B (0, z, 0) for the magnetic field along the z-axis B = (0,0, B). The terms
in the trace can be written in the form (1/2)Tr [(ryv, — ryv,) dd (e — H) /de] = —(1/e) O [Trd (e — H)] /OB.
olt (T, ) becomes ofl (T,u) = — (gse/L?) j;o defr (¢) (0Trd (e —H)/OB). Because the particle number

is found as N (T, p) = gs j;o defr () Trd (e — H), ol (T, ) is expressed in terms of the particle number



olt (T,p) = — (e/L?) <(8N (T, 1) /8B)u>. Utilizing the density of state D (¢) = — (gs/721?) >, Im (G (€40))
and NV (T, p) = — (gseB/mh) fj;o defe () X2, Im (Grn(eto)), oL] (T, p) is found as

2 +oo 2 +oo €
ott (@) = 2 [ e @ Gunleso) + 25 [0l O S (G (12)

Finally, we obtain the Hall conductivity oy, (T, u) = of, (T, u) + ok (T, ).

4.2. Thermoelectric coefficients

In the following we present the numerical results of the thermoelectric coefficients as a function of the

chemical potential.

4.2.1. Resistivities p,, and p,

1.0 — pyx V=0.001
N: - pxx V=0.02
_E 0.5 ~  pxy V=0.001
= - pyy V=0.02
g T
= 0.0 e
x ;
Q i
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—0.5p =~ =4
15} ) | — S,y V=0.001
° b) | -- Sy V=0.02
@ 1.0 ]
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0 1 2

ulhow
Fig. 1. (Color online) (a) The longitudinal resistivity pz. and Hall resistivity pgy, (b) the Seebeck coefficient Sy
and Nernst coefficient Sy, (c) the thermal conductivity kzz and thermal Hall conductivity sy as a function of

with different V' at temperature T' = 5K.

Using Egs. (35), (39), and (42) we can obtain the conductivities o4, and o4, numerically. The longitudinal
resistivity py, and the Hall resistivity p,, are obtained by using the equations, pgs = 042/ (Ufcm + Ugy) and
Pay = —0Oay/ (02, + Uaggy)~

The longitudinal resistivity p,, and the Hall resistivity p,, are depicted in Fig. 1(a) with several values of
V. Considering that p., is symmetric and p,, is antisymmetric with respect to ;1 = 0, only the n > 0 LL are
shown in Fig. 1(a). As it is expected p,, displays the peaks at the LLs and vanishes between each consecutive
LL, while pg, exhibits the typical Hall plateaus. These longitudinal resistivity p,, and Hall resistivity p,, are
closely related to the localization picture in the 2D integer quantum Hall effect(IQHE), i.e., the extended states

are at the center of the broaden LLs and all the other states are localized. The fluctuation of impurity scattering



removes the sharpness of the LLs so that the LLs are broadened as shown in Fig. 1(a). For the zeroth LL
(n = 0), it is the charge neutrality point of graphene. When the chemical potential is varied through the zeroth
LL, a zero-crossing of Hall resistivity pg, changes smoothly through zero from its negative quantized value on
the hole side to a positive quantized value on the electron side, whereas p,, moves from a zero on the hole
side through a maximum at the charge neutrality point to another zero on the electron side. Our numerical
results of the resistivity agree with the observations in Kim’s experiment "%, These results demonstrate that
the system is in the Hall regime. The temperature dependence of the p,, at the charge neutrality point displays
an activated behavior. For the other LLs, the above picture does not change qualitatively. As temperature

increases, the peak values of p,, decrease and the half widths increase for n > 0 LLs as shown in Fig. 2(a).

1.0 3 — pxx T=5K
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d | _ _
= 05 ey Pxy T=5K
3 \ - poTe0K
Q_\- 0.0 41\ A B
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Fig. 2. (Color online) (a) The longitudinal resistivity pz. and Hall resistivity pgy, (b) the Seebeck coefficient Si.
and Nernst coefficient Sy, (c) the thermal conductivity ke and thermal Hall conductivity Ky as a function of p

at different temperatures with V' = 0.001.

4.2.2. Seebeck coefficient S,, and Nernst coefficient S5,

The Seebeck coefficient S, and Nernst coefficient S,, are presented in Fig. 1(b) and 2(b). Sy, is anti-
symmetric and Sy, is symmetric with respect to p = 0. It is found that as a function of chemical potential,
the Seebeck coefficient S, displays a series of peaks at the LLs for p < 0 and dips at the LLs for u > 0,
respectively. |S;.| has a maximum while the sign of S, is alternated around the LLs (n > 1), corresponding
to the extended states at the LLs. The appearance of zero thermoelectric response can be explained by the
existence of the localized states in the gap between adjacent LLs, similar to the longitudinal conductivity in the
IQHE. S is defined by p - a, where a = (1/T) [(p/e) Loc + Leg]. From this, we have Spz = przQaz — PayQay
and Sgpy = PayQyy + PraQay. Paa a0d aqp (@ # b) are symmetric functions of p, while p,p and g, are anti-
symmetric functions of u. As the Fermi level passes through the core of extended states where the longitudinal

resistance becomes appreciable and the Hall resistance makes its transition from one plateau step to the next.



Their combination leads the oscillatory structure of Sg, in the vicinity of the LLs. As shown in Fig. 1(b), the
broadening of LLs due to the impurity scattering increases the width of the peaks or dips for Seebeck coefficient
Sgz and oscillations of Nernst coeflicients S,. As temperature increases, Sy, increases and Sy, decreases for
n > 1 LLs as shown in Fig. 2(b) .

The Seebeck and Nernst coefficients in the vicinity of the zeroth LL have an opposite behavior compared
with those in the higher LLs. Instead of S, the Nernst coefficient S, displays a large peak while the Seebeck
coefficient S, now displays an alternate sign. The feature at n = 0 LL reflects the characteristic property of
2D relativistic fermions in the perpendicular magnetic field. Around the zeroth LL (n = 0), the Hall resistivity
change the sign because the charges have opposite sign. As analysis above, Seebeck coefficient from the edge
states is larger when the chemical potential is below the LL, and the resistivity for the holelike quasiparticles
makes S, negative. When the chemical potential lies near the top of the lowest LL, i.e., in the electron side, the
Szz has a similar behavior as that in the higher LLs. Hence, the Seebeck coefficient S, displays an alternate
sign. Similarly, the Hall effect with the carrier flux driven by the temperature gradient predominates the Nernst
coefficient when the chemical potential near the edge of band lies below the LL. So Sy, is positive. Binding this
with that in the electron side leads to occur a maximum of S, in the vicinity of the lowest LL. Experimentally
Sz changes the sign from a dip to a peak with increasing u around g = 0. This discrepancy with our results is
related to the lower p,, value when p is at the n = 0 LL, which is also observed in other theoretical calculations
by different methods [*+4°. Apart from this, the Seebeck coefficent S,, and the Nernst coefficient Sgy are in

good agreement with the experimental results 117

4.2.3. Thermal conductivities x;, and kg,
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Fig. 3. (Color online) The thermal conductivity kg as a function of p with V' = 0.001 at (a) T = 5K and (b)
T = 10K, respectively. The results calculated from the Wiedemann-Franz law by conductivity oz, are labeled by
WFL in the legends.

Fig. 1(c) and 2(c) show the thermal conductivities as a function of chemical potential y for n > 0 LL.
The longitudinal component of thermal conductivity k., is symmetric while the transverse component ry,y is

antisymmetric with respect to pt = 0. kg, shows a peak and kg, jumps to a new plateaus when the chemical
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potential equals €, = sgn (n) hw\/m . These behaviors are similar to those for the conductivities (resistivities).
However, the peaks of k,, at those higher LLs split into two peaks which also been shown in Ref. [47] and
these split double peaks smear to one peak with increasing the impurity. In addition, the transverse thermal
conductivity exhibits a sign reversing behavior when the chemical potential skims over the zeroth LL as shown in
Fig. 2(c). The sign reversing in kg, implies the effects of thermally excited electrons and holes for the zeroth LL
state. The thermal conductivity contributions arising from electrons and holes are not simply additive, but in
combination they give rise to an additional contribution known as the bipolar effect. In order to check the validity
of the Wiedemann-Franz law, the thermal conductivity calculated by Kz, = Looz:1 where Ly = 7T2]€]23 / (362)
are shown in Fig. 3 for comparison with the numerical results. We see that at the central region of the LL, the
Wiedemann-Franz law is violated. As shown in Fig. 3(b), because of the split double peak structure of k., and
the non-constant space between nearest LLs, the peaks of nearest LL merge into one peak when n > 6 which is
the origin of the out of phase oscillations with electrical conductivity in Ref. [43], eventhough the double peaks
are clear when n < 6. At low temperature, the broaden of the LLs is narrow and the double peak structure is
still clear as shown in Fig. 3(a). It is found that the enhance of impurity scattering results in enhancing £,
and suppressing £, as shown in Fig. 1(c). This double peak structure of longitudinal thermal conductivity in
high LLs and the anomalous jump at the zeroth LL with a sign reversal in the transverse thermal conductivity
have not yet been observed experimentally.

From the thermal and electrical transport coefficients, the thermoelectric figure of merit ZT' is calculated
and is shown in Fig. 4. ZT exhibits resonant like structure. The magnetically quantized graphene is a very
good thermoelectric materials when the chemical potential is pinned to first LLs. This excellent ZT can be
the basis for expanding thermoelectrical application of graphene [66:67] For practical applications with sufficient
power output, graphene with high carrier concentration is required. This would require a high magnetic field
to locate the chemical potential in the first LL. A trade-off between the efficiency ZT and the power needs to

be considered to determine the optimal condition.
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Fig. 4. (Color online) The thermoelectric figure of merit as a function of p (a) at T' = 20K with different V' and
(b) with V' = 0.001 at different temperatures.
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5. Summary

We have calculated the charge and thermal transport coefficients in magnetically quantized graphene in the
presence of intra-valley impurity scattering. The Green’s function and the self-energy were calculated in SCBA.
A detailed investigation of the electrical and thermal properties of graphene in a magnetic field is performed by
means of the Kubo-Stréda formula in the presence of impurity scattering and thermal broadening. The results
agree with experiments qualitatively. The features of Seebeck coefficient and the transverse thermal conductivity
at the zeroth LL are discussed associated with the intensity of impurity scattering. The sign reversal in Seebeck
coeflicient and the transverse thermal conductivity imply the effects of thermally excited electrons and holes for
the zeroth LL state. The impurity scattering may result a bipolar effect from these thermally excited electrons
and holes. Finally, our results of the thermoelectric figure of merit suggest that an external strong magnetic

field could be used to effectively enhance the ZT.
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