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Give me a 1D wire!
Single Wall Carbon Nanotubes (SWCNT's)

Armchair CNT: Perhaps the cleanest 1D metal...
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SWCNT’s: A fluctuating Wigner Crystal

Coulomb potential in 1D nanostructures is poorly screened
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SWCNT’s almost a Wigner Crystal
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(e.g. B Gao et al PRL 92 (2004), g = 0.2) Thup R/

Yet, a fluctuating crystal...

(p()) = po = const.




Can we pin this fluctuating Wigner Crystal ?

Of course, disorder will do it, but ...

p(x),
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The electron density wave will ‘adapt’ to the disorder and
we will end up seeing the disorder itself (the localized
electron waves) but not the Wigner crystal.
[Boundaries or isolated impurities will lead to (exponentially,
at finite T) decaying Friedel oscillations]

We want a true ground state with true long range order



How about gates!?

Tuners of the chemical potential in mesoscopic systems
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But can a gate pin the | D Wigner Crystal?

However, the screening due to gates is dynamic

t=1ty =11 > 1o
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Model of the gate

,
Integrate out gate’s degrees of freedom

F Guinea PRL 53 (1984); F Sols & F Guinea, PRB 36 (1987)
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Static screening part: image potential
S(CE, Zo)

Vvscr(ma 20 7_) = W&x,ZO)(S(’r) L | |2
T

Ohmic dissipation: e.g. particle-hole excitations in the gate
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p(r) = p(z)d(y)o(z — 20) ' Zo|

plz) = % P(x) + A cos [2¢(x) + 2kpx| + - - - gate




Model of I D wire

Use bosonization p(z) = % :0(z) + A cos [2¢(z) + 2kpx] + - - -

Sle] = Solg| + Spl¢),
Solp] = % dxdT E (3765)2 TS (@Egb)Q Cep =g
Sp q5 = Srp [¢] + SBD[¢], Forward (FD) ¢ =0,

dadw Backward (BD) ¢~ Q = 2p°kr

Seoldl = [ G l(a.e) e,

In(1/q)q?|w| = Irrelevant (3D gate)
flg,w) ~ .
q|lw| = Marginal (2D gate),

9 — /
Sepl9] = _Q/daideT’COS plo(z,7) — ¢z, 7')]
" 7 — T — Ohmic s=1




Low-energy effective field theory

Slo] = Solo] + Splol,
Sold] = % dxdr L}ipl (0-0)° + vp1 (0:0)° | .

- / dedrdy 5210, T) — oz, 7)]
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5 b =1 spin polarized e

Nch = P b = /2 spinful e (g < 1/3)
b = 2 nanotubes (g < |/5)




Weak-coupling RG

d d

== —4pPqua, = —4p*gla,

7, at o0
de & = \VUT¢ Te iy
7 = (2 — 8§ — 2ng) :

{ = log(we/T)

% QCP at g* = (2-s)/2p? and a* =0 withz =1 !!

Critical phase (Tomonaga-Luttinger liquid) for g > g* and a.— 0+
pu—4a
Rea(w>0)~aD(i) pn=2p°g+s+1

We

Strong coupling (SC) phase (?) for g < g*and a.— 0+

Correlation length near QCP g—l ~ e—7r/(2—s)pv L
a



SCHA or how to get insights into the SC phase

Replace the non-linear term
Seple| = = /da:d’rd'r’
(s

by a quadratic action

Sscualo] = —% / dedrdr (1 — 7" [p(z, T) — qﬁ(a:,7’)]2 (1> T1.)

1
Optimize free energy: 77 ~ Q (770,) 1-2p<g
Drude-like conductivity o(w) = D T~ URT

- w + i/Td’
True CDWV order
(p(2)p(0)) g=2pk, = a~ (2PP#)e=2P¢0)) — const.

“Seizing” of the vacuum Q.S |£E‘ — 400
) Kogut and L Susskind PRD 11 (1975)

AH Castro-Neto, CC Chamon & C Nayak PRL 79 (1997)
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Understanding why it will get pinned...

t=tg =11 > 1

# ——
wire

e The gate acts like a measurement apparatus, which
performs a continuous measurement of the wire density.
* The quantum wire is very susceptible of measurements
at the Fourier component q = 2 nch kr

* Invoking the Quantum Zeno Effect that then

(p(q = 2nenkp)) = const.



The two competing effects of a metallic gate...
Static screening

VCoulomb (33 ) ~
I

RS Y ZO
Dynamic screening = dissipation ; — to t=t1 > to

—— E— E—
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Hint: Use a highly resistive 2D metal, or better; a granular system

Estimates (for a nanotube):

Gate \ 2 —16kpz
mg(’“F ) S
kF JGate

as gate (no metallic screening at q = 0)



s this the whole story!?



Large N:yet another QCP...
Introduce unit vector: n(z,7) = (cos 2pp(z, T), sin 2pe(z, 7))
O(2) dissipative NLoM G5 ' (q,w) = n|w| + kp[(w/v)* + ¢°]
Sin Al = 5 [ oy Go @ wlinlg, ) + 5 [ dadra(@,r) [n(@m) - 1],

S Sachdev,AV Chubukov & A Sokol PRB 51 (1995),S Pankov et al PRB 69 (2004)
O(2)— O(N) + Large N limit: saddle point for A = -ik| g -2

dqdw 1 _
N/ 2 ol + rpl(fo)? + @+ €7
‘ ** Another QCP with z =2 (z = 1.97(3) MC) ‘

MC calculations (dissipative XY model)
P Werner, M Troyer & S Sachdev | Phys Soc |pn Supl. 74 (2005)




Large N:yet another phase...

(I)(LB,T) — a(p(a:,'r)p(O))ngka
O(x,7) o (eQip¢(w’T)e_2ip¢(0)): (n(z,7) - n(0,0))

Disordered phase n < n, =& 140 &'~ (n.—n)"

1 e~ lel/¢ “puddles” = single
(I)(Oa 7-) ~ 5 (I)(ilt, O) ~ ‘§_1$‘ dissipative rotor
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Expansion about the uncoupled rotor limit

M A 1 dm () ? Cx e rop- ' !
Sly] = mzz:l []ﬁ; dT e ( o ) —;/D drdr" K (1 — 7") cos [pm(T) — @m (7]
Ohmic dissipation

—K [d? cos [m(7) — eme1(7)].

Small K(r) = (7/hB)? |sin (7 /HB)|

2
. 10om (T) ,—im (0)\ _ TTTc A
Uncoupled rotor (exact): (e e ) (hﬁ) Sin (/RO
[H. Spohn and W. Zwerger |. Stat. Phys. 94 (1999)]

Perturbation theory in K is non-singular, e.g. free energy and

. : _xN/gc
@@t ®) = (£ gt — (AR ag

TN /ag

Care witha = 0 limit: avoiding KT requires including a Berry phase

SBerry — ZVO Z/ dr Spm




Schematic phase diagram

Disordered phase

(g=g* o =0) (vig=0,00 =10)




Schematic phase diagram SWCNT + Gate

Pinned Wigner
Crystal (True LRO)

(diffusive plasmons)

SWCNT

(weakly
coupled to a
gate)
Fluctuating
Wigner Crystal
(Quasi-LRO)

Disordered phase
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