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We investigate the heat current and spin current through a carbon-nanotube-based molecular quantum pump.
We have derived a general expression for the heat current at finite frequency so that the heat current can be
calculated order by order in pumping amplitudes. We have applied our theory to a carbon-nanotube-based
quantum pump. The heat current generated during the parametric pumping has been calculated at small
frequencies for finite pumping amplitude. At finite frequencies, we have calculated the heat current to the
second order in pumping amplitudes. The photon assisted process is clearly observed in the heat current. In the
presence of magnetic field, the carbon-nanotube-based quantum pump can function as a spin pump, a molecu-
lar device by which a dc pure spin current without accompanying charge current is generated at zero bias
voltage via a cyclic deformation of two device parameters. The pure spin current is achieved when the Fermi
energy is near the resonant level of the quantum pump. We find that the pure spin current is sensitive to system
parameters such as pumping amplitude, external magnetic field, and gate voltage.
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[. INTRODUCTION oped a general theory for the heat current at finite frequen-

The physics of the parametric electron pump has attracteff€S ?7a%ed on the time-dependent scattering matrix
great attention recently3” When the electron motion is 1€OrY-"="Our theory enables one to calculate the heat cur-
phase coherent and the frequency of oscillating driving€nt at finite frequency order by order in pumping amplitude.
forces is small compared to the inverse dwell time for carri-1© @PPly our theory in molecular devices, we investigate a

ers to traversing scattering region, the pump is considered ga/ametric quantum pump that consists of a finite sized
be an adiabatic quantum purhpthe physical picture for single wall carbon nanotube connected to two normal leads.

such a quantum pump appears to be photon-assiste-(?fvo .pumping driving forces are established by app'yif‘g cy-
transpore226.38Although the electron reservoirs are in ther- clic time-dependent voltages to two metallic gates, which are

o ; : . __capacitively coupled to the CNT. Due to these gate voltages,
mal equilibrium .durmg th(_a pumping process, the time two potential perturbations are established along the length
dependent pumping potential pumps out electrons and thus "o otube. The maximum tube length we use in this

producgs the Joule heat along with the dissipation at th aper is up to~74 nm. Up to the second order in pumping
same time. Rec_ently, the physics of such thermal transpo mplitude, we found that in the weak pumping regime the
has been investigate&2°2"-%23%yron et al® have derived peat current increases quadratically with the pumping fre-
the lower bound for the dissipation and defined an optimalyency when the frequency is small. At larger frequencies,
pump which is noiseless. Moskalets and ButtiRelerived a  the signature of the photon assisted process is observed in
formula for the heat flow and the noise in the weak pumpinghe heat current.
regime. Wanget al3? extended the theory to the strong  Since the charge and spin are two basic properties of an
pumping and finite frequency regime. They also investigate@lectron, the parametric quantum pump can also generate the
the heat current generated during pumping process for gpin polarized current if the external magnetic field is applied
normal-superconducting hybrid syst&musing a time- because the electron with different spins may experience dif-
dependent scattering matrix approach which goes beyond tHerent system parameters in the presence of magnetic field. It
adiabatic limit. Polianskiet al?” have studied the noise is known that the magnitude as well as the direction of the
through a quantum pump for arbitrary temperatures and bgumped current is very sensitive to various parameters of the
yond the bilinear response. system such as potential landscape of the ptitdpfre-
Since the original discovery of the carbon nanotubequency of the driving forcé? and Fermi energy of the
(CNT) it has been intensively investigated in both experi-leads®>->*As a consequence, it is possible to generate a spin
mental and theoretical researth*® CNT-based parametric current without accompanying charge current. Indeed, sev-
electron pump has been investigated as a prototypicadral different spin pumps have been proposed along this di-
nanometer-scale molecular deviéé? It would be interest- rection. For an interacting system, Sharma and Chamon in-
ing to further explore the features of heat flow through avestigated quantum pump for both spin and charge
CNT-based quantum pump. This information is also very im-transpor® For noninteracting systems, an adiabatic quan-
portant for device applications. In this paper, we have develtum pump was proposeétiwhich generates the spin current
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by changing the confining potential of the quantum dot and 2 _~1 T .

the magnetic field. In fact, this proposal has been realized Iq,aZS_J dtJ dE def > (AS.p0Shp) 2
experimentally’’ Spin current—including pure spin current 7o B

without any charge current—was detected. A similar idea tayhich agrees with the result obtained by Moskalets and
generate spin current using the Zeeman effect has also begjttiker?® if the scattering matrix is independent of energy.

proposed by Aoné® In the nonadiabatic regime, using the To get the heat current to the ordef, we need to expand
property of charge current reversal, the spin current can bgq, (1) to 42, which gives

delivered from a nonmagnetic pump connected by two fer-

romagnetic lead®® The spin current can also be produced by 1@ =
either a rotating magnetic moment or rotating external mag- e
netic field which leads to the unipole spin battery which . .
gives constant spin curreff8° To drive a spin current for Equations(2) and(3) are general expressions for the heat
future spintronic circuits, a spin-cell device which providescurrent low frequencies and are valid in both weak and
the necessary the constant spin-motive force is ne®dgg. ~ StrONg pumping regimes. o o

shining microwaves on a double quantum dot in the presence To _obtaln t_he heat current at finite frequencies in the weak
of nonuniform magnetic field, such a bipolar spin battery isPUmping regime, we start from the general solution for the
proposed? In the presence of magnetic barriers, the spin€/€ctric current obtained by Moskalets and ButtfRer

-i (7 2.t
e fo dt f dE&éf% (3iSupisip).- (3

current is found to pump out using the adiabatic thédin q [ dE,dE,

this paper, we explore the possibility of a carbon nanotube- leo= lim NT f 2—2—2 |Sas(E1, E)[*F(Ey)
(CNT-) based quantum spin pump using the idea of Ref. 56. N-=e TS e 2T p

Due to the peculiar electronic properties of CAT?¢ CNT- dE

based quantum electron pump shows antisymmetric pumped - QI ?f(E), (4)

signals near the many doubly degenerate resonant levels of

the finite-length CNT for a wide range of energi€8ecause where Nr=/dt=278(0). To look for a solution in the weak
of this reversal of pumped charge current together with thQ)umping regime, we assume that the pumping driving force
Zeeman ﬁﬁECithhe Shpin current with vanishhing charge ?Uf- Iat the positiorx in the scattering region is given by

rent is achieved for the Fermi energy near the resonant levels

in the presence of a magnetic field. In contrast to Ref. 58, we Vpp(X) = Vo(X) + Vp(x)cod wt + ¢(x)].

use the external magnetic field as a tuning parameter insteakpanding the scattering matriin terms of pumping am-
of pumping frequency to achieve pure spin current and ouplitude V,, we have

spin pump is adiabatic. In the adiabatic regime, we numeri-

cally calculated the pumped electric and spin current using Sep(E1Ex) = X SUN(ELEy), (5)
nonequilibrium Green’s function method. We find that the n=0

spin current is sensitive to system parameters such as pumgieres™ includes theth order effect of pumping amplitude

ing amplitude, magnetic field, and gate voltage. IAS Afctyer some algebras(”) can be written as
This paper is organized as follows. In Sec. Il, based on the P o ap 0

time-dependent scattering matrix theory, the expression of SONE1,Ep) = 28 (E) 8(E; - ),

the heat current is derived. In the presence of a magnetic

field, the pumped electric current and spin current are also sglg(El,Ez) = ZWSS,J;))Yaﬁ(El)5(E1— E, - w)

given. In Sec. lll, numerical calculations are provided for 1) B

CNT based pumping devices according to our formulae and 278, ap( B B~ Ep + ). (6)

results are discussed. In general, we have
Nw

Il. THEORETICAL FORMALISM FOR THE HEAT SUNELEY) =272 S i ap(ED A Er — Ep + (N = 2))].

j=0

CURRENT AND SPIN CURRENT
(7)
To calculate the heat current, we will use the time-
dependent scattering matrix methdef® We note that the
heat current is defined as the particle current multiplied by q P
the energy measured from the Fermi level. We thus ¥ave leo= N_TJ dES0)> [|SaB(E)| f(E)
B

We obtain

j=tw

L + > 1Y (E)PHE - j) + [SUE)SY(E) + c.c]f(E)
lq'a:w_r . dtj dE(E—EF)EB Sqp(E,1) J B B o

. . dE
X[H(E +i9/2) = F(E)Is4(E.D. (1) + 2 [shHEPE-]+ ] - f —fE. ®
j=0,+20
Expanding the heat current up &f} and after some algebra, For a time-dependent scattering mats,t’), the unitary
we finally obtained the heat current i, condition reads
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f dtlE Saﬁ(tvtl)s;ﬁ(tl!t,) = 5(t - t,) (9)
B
which is equivalent to
f dEx/(47) 2 Sup(Eq, E)sS, 4(Ey,Ex) = 8(0).  (10)
B

Using Egs.(5) and(7), we find

> [|sgs,;<E)|z + 3 |8 (E)P+ (SYE)S2(E) + c.c)
B =0

+ > IS},ZQB(E)|2+---]:1. (11)
j=0,£20
Then Eq.(8) becomes
dE
leo=0 f —> [ > IshAENAf(E-]) - f(E)]
T B =t
+ 2 [s2EFE-)) - f(E)]
j=0,+20w
+ 2 [8pB)S0p(E) + el f(E-) - f(E)]+ |
=tw
(12)
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Hr= 2 [tooClyatno + €.C] 17

nkoa

denotes the coupling between the scattering region and the
metallic leads. FinallyV,, is the pumping potential. When
the tight binding model of carbon atom interactions is taken
into account, and the pumping driving forcég, are added,

the retarded Green’s function can be written as

1

GL(E{V}) = T v—T
o™ Vop

(18
whereH =Hy— ugoB with Hy describing the Hamiltonian of
the CNT in the absence of the magnetic fidld=3| +2} is

the total self-energy related tg,,, andl',=-2 Im[3! ] is the
linewidth function.V, is a diagonal matrix describing the
variation of the CNT potential landscape due to the external
pumping forceV(t). In this work the two external forces are
chosen to beVy(t)=-Vig—Vysin(wt) and V(t)=-Vy
—Vysin(wt+ ), where ¢y is the phase difference between
the pumping forces. In the adiabatic regime, the pumped
current is zero whenp,=04 However, in the nonadiabatic
regime, nonzero current can be pumped out when two pump-
ing forces are in phas@.The potential due to the gates can
therefore be written a¥,,=V,;A;+V,A,, where 4A; is the
potential profile function. In the adiabatic approximation, the

This result is the same as that obtained by Moskalets an@Verage pumped particle current with spinthrough elec-

Buttiker?® up to the quadratic order term, i.es’V|? term.

trode a is given by'®

From this derivation, we see that if we want the quadratic T

. . . . w dNa(rdVl dNaCrdVZ
order in pumping amplitude, we only need to expapglin Jos = — =+ —— =, (19
the linear order. 2w ) dv; dt dVv, dt

Similarly, the heat current at finite frequencies reads

J=tw

d
o= | EE-E03 [ S 182, EPIHE- ) - ()]
m B

+ 2 Is24EAFE-]) - f(E)]

j=0,+20w

+ 2 [SHE)SE) +cc]

|=tw

X[f(E—j)—f(E)]+~-]- (13

To analyze the quantum spin pump in the presence of a

magnetic field, we consider the following Hamiltonian:

H=Hg+Hgr+H +H+V (14

pp
where

Ha = E ekaéla'aékoa (15)
k,o

describes the lefta=L) or right (a«=R) electrodes witrﬁkm
the electron annihilation operator,

Hd = 2 (fn - IU“BO-B)aLran(r

no

(16)

is the Hamiltonian of the scattering region wihthe con-
stant magnetic field in the CNT, and

where 7 is the period of time-dependent pumping forégs
andV,. Here the quantitydN,,/dV is the partial density of
states, called the injectivity, of leagf3

dN,,,/dV; = - f (dE/2m)(- deH)THT,GLAG3]  (20)

which describes the number of carriers with spin index
entering leada due to the change of parameté[. Since
there is no spin flipping mechanism in our system, the
pumped particle current of each spin component is con-
served, i.e., we have

‘JLa': _‘]Rcr:‘]a" (21)
With Eq. (19), the pumped charge current is
and the pumped spin current(i&=1)

Ill. RESULTS AND DISCUSSION FOR THE HEAT
CURRENT

We first apply our theory to calculate the heat current for
the system with a single wall carbon nanotube connected to
two normal magnetic leadédN-CNT-N). For simplicity, the
CNT is modeled with the nearest-neighbm+orbital tight-
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35, LV =0.0001V - Vpp= VoA + VA cogowt + ¢).
i ,-’ ‘-\ --- vp=.o,ooo4v In our calculation, we se$=-/2 for the first gate region
300 / [P V' =-0.0007V | and ¢=0 for the second gate region, so that the phase differ-
2.5 00 i \ L —v'=0.0010V _ ence of the two driving forces is/2. A more accurate study
e \ P requires a numerical solution of the Poisson equation with
B B c—— e, T . .
2.0- Pran L i the gates providing the appropriate boundary conditions. In
{i ,/ hN this paper, we apply the wide band limit approach in our
& 154 I./' __________ \, - calculation and define that the current is positive if it flows
= - e s A from the scattering region to reservoir. We also &et2m
1.0 . =qg=1 and the temperature to be zero, i.e., do not consider
St L Rt the finite temperature effect.
0.5+ S/ Yoo \\ ' 7 We now consider an armcha(7,7) nanotube with 600
o oo~ N oA~ layers of carbon atomstotal 8400 atoms We setV,
, \ , , , =-2.74 V in our calculation. First, we use E@g) and(3) to
20.0210 00205  -0.0200  -0.0195  -0.0190 calculate the heat current which gives the contribution of the
Fermi energy (eV) second order and the third order in pumping frequencies,

respectively. Figure 1 shows the heat current for the second
FIG. 1. The pumped heat current of the second order in pumporder in pumping frequencvz) versus the Fermi energy at

ing frequencylffl)_ versus Fermi energy for armchdir,7) CNT at  several different pumping amplitudes. To understand this fig-
different pumping amplitudesV,=-0.0001 V (solid line), V,  ure, the static transmission coefficiehat V,=0 as a func-
=-0.0004 V (dashed ling V,=-0.0007 V (dotted ling, and V,  tion of the Fermi energy is also plotted in the inset of Fig. 1.
=-0.001 V(dash-dotted ling Inset: transmission coefficieftver- One finds that there are two energy levels which give two
susEg at V=0. transmission coefficient peaks in the inset. This is because

the energy spectrum of the finite-sized CNT has many double
binding model with bond potentiaV,,,=-2.75V. This  degenerate energy levels. When the pumping amplitude is
model gives a reasonable, qualitative description of the elecsmall, two peaks for the heat current appear near the two
tronic and transport properties of carbon nanottB&sWe  static energy levels and clearly show the resonant assisted
assume that the CNT is well contacted to the two electrodebehavior. When the pumping amplitude increases, the peaks
and that both the Coulomb blockade effects and electronef the heat current become larger and broader, and gradually
electron interactions may be neglected. The two time deperapproach each other. For even larger pumping amplitude, the
dent pumping driving forces are induced by the two gateswo peaks begin to merge with additional small subpeak
near the two ends of the CNT from QLo 0.3 and from  showing up at the center. It is interesting to compare the
0.7L to 0.9, respectively, wherk is the length of the CNT. behavior of the pumped electric current, the heat current and
In this paper, we mimic the gate effect by simply adding thethe power of Joule heat. In Fig. 2 we plot the power of Joule
pumping potentiaV; to the CNT where the profile function heaf* as the function of the Fermi energy. The pumped cur-
A; is set to be unity for the gate region, and zero otherwiserent as the function of the Fermi energy is shown in the inset
Hence the pumping potential can be expressefdnassup- of Fig. 2. It is easy to understand that the behavior of Joule

pose the symmetric pumpiing heat is the same as that of the heat current. We see that as we
3'5 ) ) I ) )
0.15
0.10 —V =-0.0001V
3.0 | et P .
i SN --- p=-0.0004V
000 N =
25| * 000 ) Vp 0.0007V | FIG. 2. The power of Joule heat of the second
005 P -----Vp=-0.0010V order in pumping frequenc}{z) versus Fermi en-
20 00 7N ergy for armchair(7,7) CNT at different pump-
3 T Sem s oo/ \ 7 ing amplitudes:V,=-0.0001 V (solid line), V,
= el N ~ =-0.0004 V (dashed ling V,=-0.0007 V(dot-
= 15} e N - ted ling, and V,=-0.001 V (dash-dotted ling
X4 \, Inset: The charge current of the first order in
10 / sl JPEREEIN N _ pumping frequencyf:) versus Fermi energy at
- : : : different pumping amplitudesV,=-0.0001 V
05 g . .. (solid line), V,=-0.0004 V (dashed ling and
=T R T A PO T V,=-0.0007 V(dotted line.
. ’ \ : / \
ook ——— A i -
0.0210 0.0205 0.0200 -0.0195 -0.0190

Fermi energy (eV)
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60000 T T T T T function of Fermi energy in Fig. (4). We also plot the
™, =V =-0.0001V pumped current, the heat current of the second order in
L om-- V,=0.0004V - pumping frequency and the heat current of the third order in
Leeees vp=-o.ooo7v'.-‘ : pumping frequency as the function of the Fermi energy in
: ’Iu\._ :.;, Vol Elghs. {tb)—_él((:)h, respe(r:]tl\_/e![y.bVery Sfl'mcljli‘lr] t':)t rghebpltqjmpmg f
J\‘r ; 3 \/\ ] ehaviors in the armchair tube, we find that the behaviors o
o \-,.,

30000

)
o

3,

pGD

the pumped current and heat current are well correlated with
: the transmission coefficient of the carbon nanotube. The
L5 s . pumped current and heat current have large values only near
] Y the resonant levels. The charge current can flow either from
- So0B the CNT to reservoirs or vice versa. The same is true of the
b heat current of the third order in pumping frequency. But the
0000 0301 0.002 o000 0805 heat current of the second order in pumping frequency can
90000 i G . i only flow from the CNT to reservoirs. Other behaviors are
Fermi energy (eV) Finally, we investigate the heat current at finite frequen-
cies using Eq(13). Here, for simplicity, we only calculate
the heat current to the second order in pumping amplitude
V,. We still use the armchaif7,7) nanotube as an example

=-0.0004 V (dashed ling and V,=-0.0007 V (dotted ling. we ~ 2nd consider the terms includingl, | in Eq. (13). The nu-
multiplied all data by 2.1% 10'® and gave an additional multiple mer|c2aI2resuIt IS Sho"‘_’” in Fig. 5 Where. we have pl_otted
factor 5 for the solid line. Left inset: the heat current of the third Iq/(_‘” Vp) VS_ the pumping fre_quency for different Fermi en-
order in pumping frequencgés) in left lead versus pumping ampli- €rgies. In Fig. &), we have fixeds;=-0.0205 eV so thak;
tudeV, atE;=-0.02 eV for armchaif7,7) CNT. We multiplied the 1S In line with one of the resonant levels of the CNH;
data by 2.1 10'®. Right inset: the heat current for the second =~0.0205 eV and5;=-0.0195 eV(see Bhe inset of Fig.)1
order in pumping frequencygz) in left lead versus pumping We see that at small frequencies< 10'° Hz, the heat cur-
amplitude. rent is quadratic in pumping frequenpye have divided the
heat current in Fig. @) by »?]. When the pumping fre-

sweep the Fermi energy, the pumped current can either HUency is arounds~1.5x 10" Hz, there is a peak in the
positive or negative. AE;~—-0.020037 eV, the pumped cur- heat currgnt. This may be identified as a phpton assisted
rent is zero. However, exactly at this energy, the heat currerRfocess since we havé,~E;=w: the electron with energy
and the power of Joule heat are nonzero and on the contrafyr @bsorbs a photon and leaves the system with enErgy
reach their maximum values when the pumping amplitude is~ E2- To confirm ghls picture, in Figs.(6) and c), we have
strong enough. At this energy, the quantum pump is in thélepicted 4/ («?Vp) vs the pumping frequency forE;
most nonefficient state with maximum dissipation which one=—0.0210 eV and£;=-0.0203 eV, respectively. The signa-
would like to avoid. ture of photon assisted process is clearly seen. For instance,
In Fig. 3, we give the heat current in the third order of in Fi%- 5c), two photonz assisted peaks appear oat4
pumping frequency) as the function of the Fermi energy * 10" Hz andw=1.5x 10'2 Hz which correspond to photon
at several different pumping amplitudes. We see Hfacan ~ €Mission and absorption, respectively.
be positive or negative at different Fermi energies although Ve now apply Eq(19) to calculate the charge current and

2 : : ; ; spin current for the CNT-based quantum pump. In particular,
|5/ flows from scattering region to reservoirs at any time. We ) i . .

aL &) (3)g g 2 @ hd we consider &5,5) armchair CNT with 200 unit cells of
also find thatIqL~—IqR and IqL~IqR. By analyzing data

. . : L 3@ carbon atomstotal 4000 atomps
we find tf?g;c a:] certamotgnergleliI can rﬁach abo_ut (gne We have assumed;;=V,0=Vo and Vi, =V,,=V,. If the
percent o 1 w enw~1 Hz. While at other energ!es pumping is asymmetric, the transmission coefficient and
is too small to be considered. In the left inset of Fig. 3, we

3 X . i hence pumped current will be suppressed. The unit of the
plot 157 as the function of pumping ar)nplltude & pumped currentys is fixed by the pumping frequency. When
=-0.02 eV. For comparison, we also P'tﬁf,L in the right  frequencyw=100 MHz which is close to the frequency used
inset of Fig. 3. We find that for armchair nanotube here,in Ref. 5, l,~ew~10"1 A and Is~w/2~10 eV which
when the pumping amplitud®/,| <107V, the heat current  are within experimental reach. Finally, the energy scale such
is proportional to the square of the pumping amplitdde  as Fermi energy and gate voltages is measured in eV. In the
and the system is in weak pumping regime. And when thgo|lowing calculation, we have fixetf;=2.7 V.
pumping amplitudefV,[>10"2V, the heat currenlffﬂ in- In Fig. 6, we plot the pumped charge current in the ab-
creases linearly with/, and the system enters into strong sence of magnetic field when the pumping amplitode
pumping regime. In the strong pumping region, the heat cur=0.68 mV. As discussed in detail in Ref. 18, for the armchair
rentlif)L decays gradually with the increasing \éf. CNT, there are many doubly degenerate levels. Near each
Now we examine the quantum pump using a zigéad) pair of levels, the pumped charge current show patterns simi-
tube with 600 layergtotal atoms 5400 We setVy,=-2.3V  lar to Fig. 6. The interesting feature is that the pumped
and plot the static transmission coefficient\§}=0 as the charge current reverses its direction as the Fermi energy is

@)
[0

21000
g 9

-30000

L)
-
1

-60000

FIG. 3. The pumped heat current of the third order in pumping
frequencylifﬂ versus Fermi energy for armchdif,7) CNT at dif-
ferent pumping amplitudes:V,=-0.0001 V (solid line), V,
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2r (A) (B) .
0.005 | .
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£ 0.000 'I}n—_—";\/-l——“N
I = o £S Y /-.
1 = o AN
-' hd .
20.005}F v
0 ; . . ; 10.010 1 1 L - r
0.0125 0.0000 00125 00250 00375 0.0500 -0.0125 0.0000 0.0125 0.0250 0.0375 0.0500
2 € veooorv 1501 ®)
. p
0.036F - - = V =0.002v -
: s v oV =0.003V 0.75{ -
0.024f . . “g
g s : =, 0.00-
& |nm ' v
0.012 . 0.754
0.000 5 1504

Il '] 'l '] '] | l ' ' ' l
0.0125 0.0000 0.0125 0.0250 0.0375 0.0500 -0.0125 0.0000 0.0125 0.0250 0.0375 0.0500

Fermi energy (eV)

Fermi energy (eV)

FIG. 4. (a) The static transmission coefficient versus the Fermi enébyyhe pumped electric current versus the Fermi endgylhe
heat current of the second order of pumping frequency versus Fermi ef@rgye heat current of the third order of pumping frequency
versus Fermi energy. Here CNT is zigz&@j0) tube withVy=-2.3 V. In(b), (c), and(d) the solid line is foV,=-0.001 V, the dashed line

is for V,=-0.002 V, and the dotted line is faf,=-0.003 V.

swept which is done by changing the gate voltage. When theharge currengsolid line) and spin curren¢dotted ling as a
external magnetic field is applied, the Fermi energy of thefunction of the Fermi energy at a fixed magnetic fiédd
spin up electron will be shifted downwards while for the spin=1.1 T8 We see that the pumped charge current is zero at
down electron the shifting is in the opposite direction. Due toE;=25.4 meV. When the Fermi energy is larger thgythe
this Zeeman effect, the pumped spin current can be generat@pdimped charge current is positive. As the Fermi energy is
by tuning the magnetic field. Figure 7 shows the pumpedncreased fronk, the charge current rises quickly. A% is

10°

Heat current |q/(m’v:)

10°

(A) E=-0.0205eV

(B) E=-0.0210eV

(C) E=-0.0203eV

* 1o1ll

10" 10"
Pumping frequency o (Hz)
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FIG. 5. The heat current of
the second order of pumping
amplitude versus the pumping
frequency w at different Fermi
energies for an armchait7,7)

CNT. We set Vp=-2.74eV.
€) E{=-0.0205 eV, (b
E;=-0.0210 eV, (© E¢
=-0.0203 eV.
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03

03
028 o2

01

pumped spin current

01

00 04 08 12 18
magnetic field (T)

FIG. 6. The pumped charge current as a func-
tion of Fermi energy in the absence of the mag-
netic field. Inset: the pumped spin current as a
function of magnetic field. Her&g=25.4 meV

pumped charge current
o
(=]
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further increased the charge current saturates and then dropscurs at various system parameters. For instance, in the in-
quickly in the form of a double plateaulike structure. As oneset of Fig. 7, we show the pumped spin current as a function
decreases the Fermi energy frdeg, the charge current re- of pumping amplitude whe&:~13.1 meV. Here we see a
verses its direction. Roughly speaking, the pumped charggimilar behavior compared with Fig. 8. However, the thresh-
current is antisymmetric about the enerBy. The pumped old for spin current and peak position are shifted g

spin current has a positive peak&tand two negative peaks =0.65 mV andV,=0.94 mV, respectively. Similar physical
nearEy+ E; with E;=0.8 meV. At the positive peak, we have features have also been found for other much lorigen)
maximum spin current with vanishing charge current. Wenanotubes, wherén,n) tube is not necessary to 08,5). To

also note that the pumped spin current is in the same order afetect the spin current several methods have been proposed.
magnitude compared with the charge current. Inset of Fig. §1) Due to the spin-orbit coupling the spin unpolarized cur-
depicts the pumped spin current as a function of the magrent passing through a metal experiences an asymmetric scat-
netic field when the Fermi energy is fixedE. We see that tering for electron with different spin which gives rise to the
the spin current increases rapidly as one turns on the magpin imbalance. Hirsch propos€ahat when a spin current
netic field. The rate of change gradually decreases. Now wpassing through the same material, the charge imbalance oc-
examine the spin current without accompanying charge cureurs which can be used to measure the spin cur(@nThe

rent as a function of pumping amplitudeolid line in Fig. 8.  spin current induces an electric fiéfdvhich can be mea-

We note that as the pumping amplitude varies, the energy aured experimentally(3) Recently, a method to measure the
which the charge current vanishes also charidested line  spin polarization of the current has been proposed and real-
in Fig. 8). From Fig. 8 we see that there exists a threshold foized by Folket al %8 using a gate-controlled bidirectional spin
the pumping amplitud®/,,=0.54 mV above which the spin filter. With this technique, the measurement of spin current is
current is nonzero. Above the threshold, the pumped spiexperimentally feasible.

current rises quickly, peaked &,=0.75 mV, and then de- To summarize, we have investigated the heat current gen-
cays exponentially. Finally we wish to point out that our erated through the pumping process of a CNT-based molecu-
findings are generic features of CNT quantum pump whicHar quantum pump. A general theory for the heat current at
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g 03T ] those in Fig. 6.
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finite frequency is developed using the time-dependent scaguantum pump delivers a spin polarized charge current due
tering matrix approach. The theory is perturbative in naturdo the Zeeman effect. The carbon nanotube based quantum
and allows one to calculate the heat current order by order ipump has a unique feature that the reversal of the pumped
pumping frequency. As an application, we have applied oucharge current can be achieved by changing the gate voltage
theory to the CNT molecular quantum pump. In the adiabatién the absence of the magnetic field. Due to this property
regime where the pumping frequency is small, we find thatogether with the Zeeman effect, the spin current with zero
the heat flow is assisted by the resonant level in the quanturrharge current is generated near the Fermi energy that the
pump. The heat current of the second order in frequencgharge current reverses its direction. In this paper, we have
always flows out of the quantum pump, while the heat curnot considered the spin orbital effétthich can produce a
rent of the third order in pumping frequency can either bespin current without magnetic field.

positive or negative. In general, the contribution to the heat
current from the third order in frequency is much smaller
than that from the second order in frequency. At certain
Fermi energy, the pumped current is zero while the heat flow We gratefully acknowledge support by a RGC grant from
can be very large. It is also found that when the pumpinghe SAR Government of Hong Kong under Grant No. HKU
frequency is smaller than 10Hz, the heat flow is propor- 7113/02P, a CRCG grant from The University of Hong
tional to the square of pumping frequency. At larger frequenKong, a grant from NSFC under Grant No. 10274052
cies, the photon assisted process is clearly seen in the hgatD.W.), and a grant from NSFC under Grant No. 90303011
current. In the presence of an external magnetic field, théB.G.W.).
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