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We use integrable and conformal quantum field theories to compute the single-particle spectral
function of armchair-type carbon nanotubes away from half-filling. The gapless charge sector is
described by the Luttinger model and is solved by using conformal field theory. The other sectors
are known to possess SO(6) symmetry at low temperature and are described by the SO(6) Gross-
Neveu model. The correlation function of this massive sector is computed using exact form factors.
Due to intermediate particle states, the spectral function is exactly determined by the given form

factors between certain threshold energies.

We derive an exact expression explicitly for certain

values of the Luttinger parameters at low frequency to illustrate the power of this approach.

I. INTRODUCTION

Low-dimensional quantum field theories (QFTs) are
actively applied to various strongly interacting con-
densed matter systems. The main advantages of this
approach are as follows: the continuum theories can de-
scribe the universality class of the lattice models which
restrict the microscopic dynamics of strongly correlated
electrons to specific form of lattice interactions. The
universality attained by the QFTs, therefore, can show
physical properties independent of microscopic mod-
els. Another advantage is their analytic computational
power. The perturbative solutions of the QFTs have
been used to understand the behavior of the systems
from high to low temperatures.

However, this QFT approach has a fundamental dif-
ficulty for applications to a strongly correlated system
because the perturbative method fails in these cases
due to the strong interactions. Even numerical analy-
sis is not easy for the continuum theories. Therefore,
this area can be a very interesting theoretical laboratory
where non-perturbative QFTs can be tested and applied
with connection to experiments. Up to now truly non-
perturbative QFTs have been realized only in (1 + 1)-
dimensional space-time. In this dimensionality, there
are certain classes of the QFTs, called integrable QFTs,
whose scattering amplitudes are exactly known. In ad-
dition, very efficient theoretical tools which can extract
physical quantities out of the S-matrices have been de-
veloped. The form factor approach is one of these and
can generate the correlation functions to high accuracy
and sometimes exactly in momentum space.
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The low dimensionality which the integrable QFT's are
restricted to is not a major huddle any more thanks
to recent progress in experimental technologies. Many
new and interesting materials can be described effec-
tively as one-dimensional objects. Single-walled carbon
nanotubes are a typical example [1]. In addition to var-
ious potential applications and theoretical interests [2],
these materials show Mott insulator properties and can
be described by an interesting theoretical model, namely,
the two-leg Hubbad ladder. In this model, electrons can
hop in inter- and intra-chains and have on-site Coulomb
interactions. It has been noticed that armchair (N, N)
nanotubes can be mapped into Hubbard ladders with the
effective ladder coupling [3,4]

u
Ueff = ~7

= (1)
where u is a (strong) on-site Coulomb interaction of the
nanotubes. Therefore, the effective QFTs for strongly
interacting carbon nanotubes can be obtained by us-
ing the perturbative computations for Hubbard ladders.
Another interesting feature is that the Hubbard ladders
show a phase diagrams very similar to those of cuprate
high T superconductors. In particular, the Mott in-
sulator phase of the Hubbard ladders arising from the
Coulomb repulsion can describe qualitatively the con-
troversial pseudo-gap regions in a phase diagram charac-
terized by both spin and charge gaps, as well as d-wave
pairing.

In this paper, we will compute exact single-particle
spectral function of doped carbon nanotubes by using
the SO(6) Gross-Neveu (GN) model [5], a well-known
integrable QFT, along with the Luttinger model for a
gapless charge sector. The non-perturbative S-matrix
and the particle spectrum can be used to compute the
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form factors and the correlation function. In particular,
we derive an explicit spectral function at low frequency,
which is of most interest, and point out the threshold ef-
fects arising from the particle spectrum of the GN model.
Our result shows a qualitative difference from the case
at half-filling described by the SO(8) GN model [6,7].

II. TWO-LEG HUBBARD LADDER AT
HALF-FILLING

We begin with non-interacting electrons hopping on a
two-leg ladder described by the Hamiltonian

Hy = — Z {taia(x + 1)(110(1‘) + taza(‘r + 1)0420(37)
+ tral, (@)as (@) +he}, (2)

where q; (aj) is an electron annihilation (creation) op-

erator on leg I (I = 1,2) of the ladder, x is a discrete
coordinate along the ladder and, o =T, | is a spin index.
The parameters ¢t and ¢, are hopping amplitudes along
and between the ladder’s rungs.

Since the effective interactions become weak, as men-
tioned in Eq. (1), one can diagonalize the unperturbed
Hamiltonian Hy by bonding/antibonding pairs:

cio = ~5(a1o + (=1 aar). 3)
At half-filling with one electron per site, particle-hole
symmetry requires that the Fermi velocities, vg;, of the
two bands 7 = 1,2 be equal. For the low-energy be-
havior, we can linearize the c¢j,’s near the Fermi surface
]ﬂFj:

ikpix —ikp;x
Cjo ™~ CRjg€"TI" + cpjpe” T, (4)

where R and L correspond to right and left moving
modes about the Fermi surface. In terms of these op-
erators, the Hy becomes

Hy = vF/de[ckjdi@,cha — cTLjO_i&chja]. (5)
jo
The next step is to bosonize the ¢’s:

P=+,-=R,L. (6)

_ iPp;
CPjo = RKPjo€ ¢P]Ga

Here, kp;, are the Klein factors.
To separate charge and spin, one can define new sets
of bosons:

op1 = %((bPlT + ¢p1y + dp2r + dp2y),
op2 = %((bPlT — ¢p1y + dp2r — Op2y),
dp3s = %((Z)PH — ¢p1y — dp2t + Op2y),

P
¢ps = 5(¢P1T + dp1) — dp2r — Pp2y). (7)

If one further refermionizes these new bosons,

idra
b

VUpy = Kpat a:112»37 (8)
Upy = Prpse'™s, (9)

and introduces Majorana fermions defined by

1

\I/aP \/5(1/)2(1,13 + ina—l,P)a (Cl = 17 "'a4)7 (10)

one can write the free Hamiltonian as follows:
8
Hy = / de" (wgaiaﬂpm - w}aiaﬂ/}m) . (1)
a=1

The interactions between electrons, in general, break
the large symmetry of the free fermions down to U(1) x
SU(2), i.e., total charge and spin conservation. Since we
are interested in low-energy physics, we can keep only the
marginal interactions, namely, the four-fermion interac-
tions. It turns out that there are nine four-fermion terms
which preserve charge and spin. It is remarkable that an
one-loop renormalization group (RG) analysis show that
the nine coupling constants converge into a fixed ray in
the infrared (low energy) limit [6]. Therefore, the low-
energy effective QFT for the carbon nanotubes is the
SO(8) GN model,

Hp=g Y, GHGY,

1<b<a<8

G =it pthpp. (12)

IIT. AWAY FROM HALF-FILLING

Most real physical systems have some kind of disor-
der or impurity. Being Mott insulators, the carbon nan-
otubes become conductors when doped because the U(1)
charge sector becomes gapless. Important interaction ef-
fects arise from processes where both the two incoming
and the two outgoing particles are all at the Fermi en-
ergy. The Hamiltonian density of the interaction then
is

Ning = gl,abcdwj%sawztwatchsd
+ gQaade’lpTRsawztbthcd}de' (13)

The first and the second terms describe backward (g;)
and forward (g2) scattering between particles at the
Fermi surface, respectively. Away from half-filling, no
Umklapp terms appear. Here, the band indices a, b, c,
and d describe either bonding (0) or anti-bonding (7)
combinations of the Hubbard ladders. Summation over
the band and the spin indices, s and ¢, is understood in
Eq. (13). The interactions allowed by momentum and
energy conservation are

g1,0000 = Gi,mrrm = 911, 91,007 = 91,7700 = 912,
91,0700 = 91,7070 = 913, 92,0000 = 92,xnnw = 921,
92,0070 = 92,7007 = 922, 92,00n7 = 92,7700 = g23-
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The big SO(8) symmetry at half-filling in the low-
energy limit is broken to a smaller, but still big, sym-
metry, namely, U(1) x SO(6). The low-energy effective
QFT can be expressed in terms of the bosons introduced
in (7) [8]. The non-interacting Hamiltonian is the Lut-
tinger liquid model

4
Hy =Y H,, (14)
a=1
where
H, = %/dx [(1+ M,) 112
1
+ ) (1 - Ma) (aw<:0a)2 ) (15)

and the Luttinger parameters are given by

Mss = (g1 £g13)/2mvp, M1
= My 3 — (g21 £ g22)/TVP. (16)

The interaction Hamiltonian becomes
1
Hipt = — /d:c [(g23 — g12) cos 204 cos 203
T

~+ ga3 COS 2104 cO8 203 + g11 COS 22 COS 203
+ g12 €08 2094 cos 205 — g13 COS 2¢9 cos 203],  (17)

where the 9J,’s are the dual fields to ¢, defined by
1
II, = —0,9,. 18
. (18)

These fields are related to the bosons defined previously
by

Vo = ORa + PLa; Vo = @Ra — PLa- (19)
According to the RG computations [8], the phase di-
agram is divided by two critical lines g;; = 0 and

g1; = 2go;. In particular, in the “d-wave superconductor
phase” where 0 < g1; < 2¢2;, a numerical investigation
and one-loop RG equations show that the parameters
take the asymptotic form

0
9ij

9i5() = 77 (20)
C
with
1
—9?1 = 9?2 = 983 = 1
3 1
gls = 0, g9 = TR 995 = G

One can notice from Eq. (16) that My = M3z = —Mj,.
If one defines ¥4 = ¢4 and ¢4 = ¥4, one finds that the
three Luttinger parameters become identical and that, in
the infrared limit, the interacting Hamiltonian becomes

g11
Hint = 5

= = /dx [cos 24 cos 2¢3 + €08 2¢5 €OS 23
m

+ cos 24 cos 2] . (21)

In terms of the Majorana fermions introduced in Egs. (8)
and (10), this corresponds to the SO(6) GN model along
with the U(1) Luttinger model for the charge degrees
of freedom ¢1,v;. Therefore, the effective QFT of the
doped Hubbard ladder is given by

H=H +Ho+g Y GG (22)
3<b<a<8

The GN model is an integrable QFT with interacting
Majorana fermions with a dimensionless coupling con-
stant g. Dynamical symmetry breaking produces the
fermion mass while preserving an infinite number of con-
servation laws [9]. The on-shell particle spectrum of the
SO(6) GN contains kinks of mass m o e~'/9 belonging
to the spinor representation and their bound states, the
Majorana fermions of mass my, = v/2m, belonging to the
fundamental representation of SO(6) [10]. There are no
higher-rank tensors present in SO(6).

Due to the integrability, the number and energy-
momenta of the particles in a scattering process are pre-
served, and the scattering amplitudes are factorized into
two-particle S-matrices which, in turn, satisfy the Yang-
Baxter equation. The Yang-Baxter equation along with
symmetry, unitarity, and the crossing relation can deter-
mine the S-matrices of the GN model [10]. The S-matrix
is a fundamental quantity in the integrable QFTs since
it can be used to compute off-shell quantities, such as
correlation functions, as well as on-shell quantities.

Computing correlation functions exactly is extremely
difficult even for integrable QFTs away from criticality.
The method in this paper is to use the form factor ex-
pansions including only a few leading contributions. Al-
though this method does not provide exact correlation
functions, it has been well-known that this expansion
converges very rapidly and becomes accurate enough for
practical purpose if one includes first few leading contri-
butions. Another important feature of the form factor
expansion is that only a finite number of terms are left
in Fourier-transformed correlation functions like spectral
functions of massive integrable QFTs, and they become
exact due to the threshold effect of creating intermedi-
ate particle states. Therefore, the correlation function in
momentum space becomes exact if one includes only a
few leading terms in the low-frequency domain.

The form factors are matrix elements of a local op-
erator between vacuum and on-shell particle states [11].
Consider a two-point correlation function

GO (z,t) = (0|T[O(z, )O(0,0)]0). (23)

Using the completeness of on-shell particle states, one
can insert the resolution of the identity between the two
O’s to obtain

Go(a’;, t) _ Z ’<O|O|I>‘26itEl+inI7 (24)
I
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where |I) denotes on-shell states and the sum over I
includes a sum and an integration over the particle con-
tents and their energy-momenta. In two-dimensional rel-
ativistic QFTs, it is convenient to define the rapidity
variable 6 by

m .

E = mcosh, P = " sinh 6. (25)
E; and P; are the total energy and momentum of the
on-shell state. The matrix element is the form factor.
To be more specific, one can write the form factor as a

function of the particle identities and their rapidities as
follows:

Fo(oly 023 ey en)al,ag,“.,an
= (0]0(0,0)|Aq, (61), Aa, (02), - - -, Aq,, (0n)).  (26)

n

Here, A,(0) is a particle state of type a.

The form factors satisfy some functional relations with
the S-matrices. In a few cases, generic form factors have
been derived from these “axioms” [12]. In most inte-
grable QFTs, it is straightforward to derive the form fac-
tors up to two-particle states from the exact S-matrices.
We will compute the form factors up to two-particle
states for the SO(6) GN model in this paper.

IV. SPECTRAL FUNCTION

Being a Mott insulator, the Hubbard ladder away from
half-filling becomes a conductor with gapless charge ex-
citations. One can compute, for example, the current-
current correlation function using the conformal field
theory based on the Luttinger Hamiltonian. From Eq.
(7), one can see that ¢ is the gapless charge degree of
freedom. The Hamiltonian can be written as

1
H, 7”’F/dan [(1+M1)H§+ (1 — M) (9p1)?

T2 el

(27)

This is the ¢ = 1 conformal field theory whose correlation
functions can be easily computed. In particular, the two-
point correlation function of the U(1) current operator
(P =41),

Jp(x,t):&cqupl, rp = v.t + Puz, (28)
can be obtained as
1
= 2
<JP(xat)JP(O70)> (Uct+P’JJ)2 ( 9)

Here, the renormalized velocity is given by

ve =vpy/1 — M3, (30)

It is more complicated to compute the single-particle
spectral function. For this, we should first consider the

single-particle Green’s function. Since the electronic ex-
citations around the Fermi point correspond to a sepa-
ration of the charge degree of freedom and SO(6) Gross-
Neveu kinks, one can write the electron operators as fol-
lows:

CPjo = HPj067i¢P1(I’t)/2¢a(xﬂt)? (31)

where 1, is the SO(6) kink operator with spinor index
« obtained by fermionizing the three bosons ¢p; with
i = 2,3,4. The single-particle Green’s function can be
written as

Gpjk,w) = /dmdte*i}”*m

X OIT [ehyo (2. )erio(0,0)] 0), (32)

where T is the time ordering.
The correlation function becomes factorized into two
parts:

OIT [, (2. )epia (0,0)] 0)
— <ei¢p1(I,t)/267i¢p1(0,0)/2>

X (T (kpatp(z,t)kpatp(0,0))). (33)
The first factor can be computed easily from Eq. (27):
. X 1
z¢p1(x,t)/2 —’L(bpl(0,0)/Q — 34
{e € ) (vt + Px)v’ (34)
with
1 1+ M

To compute the second part, one should use the form
factor expansion introduced in the previous section. The
velocity parameter v of the SO(6) Gross-Neveu particles
is given by the Luttinger parameter M:

v =vpV1— M2 (36)

If we expand the correlator up to the two-particle states,
we get

<T(’€Po¢¢%‘ (J,‘,t > O)“Péﬂﬁ% (O’ 0))>

< do ‘ |
- / 5 [(O02(0,0)]Aa (0))* 1O+ )2

— 00

 dfdb, o 2 iEot+iPax
> | Soas HO10E1As )4, (6) 1

where F5 and P, are the energy and the momentum of
one kink and one fundamental fermion: namely,

E(0) = mecosh6, o' Pi(0) =msinh0,
E5(01,02) = mycosh by + mcosh s,
v'Py(61,02) = mysinh 6y + msinh 6,.
The form factors can be computed from the exact S-

matrices. The results are as follows: The one-particle
form factor is

(01%3(0,0)|A(61)) = Ape™ ™/ 1eX/2Co5F(6)  (37)
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Fig. 1. Constant-k scans of ARR((L,k) afs a fuznction of
w/m. The figures are in the order of k = —m, k =0, k = m,
and k = 2m.
with

. . . —1/2
3 6 3 6
F(@) _ <F(Z+2Z_W)F(§_2Z_w)>
3 10 3 6
F(§-3)T(5+35)
oo

6=0-+ i, and
~ 2cosh(z/4) 4+ e52/4

Glo) = sinh z cosh(z/2) (38)
The two-particle form factors are

(O[2(0,0)|A5(02) Aa(61)) = —Ape™™/H(Cy*)ag

X Fi(el,eg)
with
e:l:(01+92)/4
Fi(61,00) = ———
+(01,62) cosh 61

* dz . 9 .’Eélg
X exp l/o ;G(x)sm (27?)]

and 015 = 01 — 03. Here, C' and 4* are the charge con-
jugation and Dirac matrices, respectively. The constant
Ap depends on the normalization, and we set it to be 1.

To derive the spectral functions, we should take the
Fourier transform, Eq. (32), of the single-particle
Green’s function, Eq. (33). For simplicity, we derive
the explicit expression for P = + under the assumption
that M = My or v, = v = 1. The case v, # v/ can be
similarly analyzed with more complicated algebra and
shows a similar qualitative result. To take the Fourier
transform, we change the integral variables to x+. In
terms of these variables, the correlation function of the
charge sector depends only on z, and the exponential
part is factorized exp(iKx + iK_x_) where

Ki:%(E—wi(P—k)), (39)

with F and P being either £ and P; for the one-particle
state or F5 and P, for the two-particle state. The x_
integral generates the Dirac delta function §(K_), and
the x4 integral becomes

1 .
/ das =€ = A K[ (40)
Ty

with 4, = \/gl“(l —v)sin & for 0 < v < 1. Using these
results, one can compute each contribution to the spec-
tral function separately. The one-particle contribution
becomes (w > k)

Aum?) (1 _ 82/m2)171/
22—y (w _ k)3—y

Gh(w k) = H(6) (41)

where s2 = w? — k2, me~% = w — k, and

H(z) = exp [/OOQ d?xG(x) (1 coshircos (%))} .

The two-particle contribution turns out to be

< A (V3P +1)
(1+y4)?

23+VAVm3
(w—Fk)>= Jo

x {3 V22 +y7?) — ;—22} B H(2logy). (42)

GPl(w, k) =

The spectral function is given by the imaginary part
of the single-particle Green’s function. For a nonvanish-
ing spectral function, the variable s should be above the
threshold. The threshold for an one-kink state is s = m
while that for a two-particle state (one-kink and one-
bound state) is s = (1 + v/2)m. The results for s > m
are

m3A, sinv (s2/m? — 1)1V

1
Ag%l)%(wa k) = 22—y (w _ k.>3—l/

H(6o),(43)

and those for s > (1 ++/2)m are

A(Q) (UJ k) _ 23+Vm3Ay Sin ivZ /y2 d m
o @Ry

2 1—v
<23 Ve e Heom). @

with y; and y2 being two real solutions (y2 > y; > 0) of

2
N s
34+V20% +y 2):_m2'

We can summarize that exact single-particle spectral
function as

Apr = AR, 1<%<(1+\/§)7

s
Apr = Agp+Afh, (1+V2) < > < (1+2V2).
We plot the result in Fig. 1 as a function of w/m for
various values of k for v = 0.25. The threshold effects
are clear from the figures.
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In this paper we have shown a way to compute corre-
lation functions based on integrable QFTs. Other phys-
ical quantities for the doped carbon nanotubes can be
approached in this way. Also, carbon nanotubes have
several other phases with different symmetries. It would
be interesting to study these phases using QFT methods.
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