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Ultrafast dynamics in metallic and semiconducting carbon nanotubes
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Transient polarized pump/probe transmission changes upon pulse photoexcitation at 1.6 eV were measured 
in chiral enriched carbon nanotubes ensembles of both metallic and semiconductor characters, in a very broad 
probe spectral range from mid-IR to visible, combining several ultrafast laser systems. We identify a photoin
duced absorption band at —0.7 eV as due to hot Dirac fermions in the metallic tubes and measure its 
dynamics. The hot carriers equilibrate within the electronic system in —400 fs and with the lattice within
— 2 ps; in agreement with hot Dirac fermions thermalization in graphene. We also assign excitonic transitions 
in the semiconducting tubes, mainly of (6,5) chirality; in particular, an intraexciton transition at —0.4 eV 
represents a lower limit for the exciton binding energy.
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I. INTRODUCTION
C a rb o n  n an o tu b e s  (N T s) a re  q u a s i-o n e -d im e n s io n a l ( ID )  

7r -co n jlig a ted  sy s tem s that p o ssess  a  h ig h  p o ten tia l fo r  n a n o 
sca le  o p to e le c tro n ic  d e v ic e s .1 It is w ell k n o w n  th a t th ese  m a 
te ria ls  e x is t in b o th  se m ic o n d u c tin g  (S ) a n d  m e ta llic  (M ) 
s ta te s , d e p e n d in g  on th e ir  d ia m e te r  a n d  ch ira lity . D u e  to  the 
l in e a r  d isp e rs io n  re la tio n , M -N T s su p p o rt lo w -e n erg y  ex o tic  
e le m e n ta ry  ex c ita tio n s , d u b b e d  D ira c  fe rm io n s  th a t h a v e  
b een  m o st ty p ica lly  in v e s tig a te d  in g rap h en e , w h ich  a re  c h a r
a c te riz ed  in b o th  ID  (tu b e) a n d  tw o  d im e n sio n a l (2D ) sp ace  
(g rap h en e ) b y  a  z e ro  e ffe c tiv e  m ass at lo w  en erg ies . D irac  
fe n n io n  d y n a m ic s  is o b jec t o f  in ten se  in v es tig a tio n , p re 
d o m in a n tly  in the  2 D  c a se .2 H o w e v e r  M -N T  a n d  th e ir  p e cu 
l ia r  p h o to ex c ita tio n s  a lso  p lay  a c ru c ia l ro le  in n a n o tu b e s  
e n se m b le s ,  w h ere  th ey  can  act as e n e rg y  an d  c h a rg e  c a rrie r  
trap s fo r  p h o to ex c ita tio n s  in S-N T. In sp ite  o f  the  su b s tan tia l 
in te res t in D ira c  fe rm io n s , sp e c tro sco p ic  tec h n iq u es  h a v e  so 
fa r  l im ite d  im p ac t on  th e ir  s tu d y  in  N T s b e ca u se  the  e n 
sem b le  o p tica l sp e c tra  a re  d o m in a te d  b y  e x c ito n s  in S -N T s, 
h a v in g  s tro n g  a n d  n a rro w  o p tica l re so n an ces . T h e  sh a rp  o p 
tical re so n an c e s  stem  fro m  th e  ID  c o n fin e m e n t c h a ra c te ris tic  
o f  the  e -h  d y n a m ic s , w h ich  lea d s  to  b in d in g  e n e rg ie s  on  the 
o rd e r o f  a  few  h u n d re d  m eV  (R efs. 3 a n d  4 ) a n d  e -h  c o r re 
la tio n  len g th s  o f  a b o u t 2 n m .5-6 T h e  o sc illa to r  s tren g th  in th is 
c ase  is c o n c e n tra te d  in the lo w e s t o p tic a lly  a llo w e d  ex c ito n ic  
tran s itio n  a n d  is e sse n tia lly  n e g lig ib le  fo r  the  b a n d -to -b a n d  
tran sitio n . A s a  re su lt free  e -h  p a irs  are n o t fo r m e d  in S -N T  
upon  p h o to n  ab so rp tio n . In M -N T , h o w ev er, w h e re  e -h  co r
re la tio n  h as  le s se r  im p a c t,7 a b so rp tio n  in the  v is ib le  sp ec tra l 
ran g e  is d u e  to  b a n d -to -b a n d  tran s itio n s  in v o lv in g  v a le n ce  
(h o le) a n d  c o n d u c tio n  (e le c tro n s) sta tes , w h ich  lie  b e lo w  an d  
a b o v e  the  D ira c  p o in t in the  d isp e rs io n  re la tio n  (see  F ig . 1 
in se t). T h e re  is th e re fo re  an  o p p o rtu n ity  to  s tu d y  D ira c  fe r
m io n s  a n d  th e ir  d is tin c t p h o to in d u c e d  fe a tu re s  in C N T  e n 
sem b le s  th a t c o n ta in  a b u n d an t M -N T  th a t can  b e  p re fe re n 
tia lly  ex c ited .

H ere  w e p re sen t a  fe m to se c o n d  p u m p -p ro b e  s tu d y  o f  p h o 
to ex c ita tio n  d y n a m ic s  in ch ira l e n r ic h ed , C o M o C A T  N T s in 
m a tr ix  su sp en s io n . T ran s ie n t tran sm iss io n  c h an g e s  upon
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p u lse d  p h o to ex c ita tio n  a t 1.6 eV  w ere  m e a su re d  in a  v e ry  
b ro a d  sp ec tra l ran g e  fro m  the  m id -IR  to  the  v is ib le , c o m b in 
in g  severa l la s e r  sy s tem s. C o m b in e d  w ith  p o la riza tio n  
m em o ry  d e ca y  m ea su re m e n ts  the  m e a su re d  tran s ie n ts  a llow  
us to  id en tify  an  in d u ce d  sp ec tra l fe a tu re  at —0 .7  eV  as due  
to D ira c  fe rm io n  d y n a m ic s  in M -N T . W e fo u n d  th a t the  h o t 
q u a s ip a r tic le s  th e n n a liz e  w ith in  th e  e le c tro n ic  sy s te m  w ith in  
—4 0 0  fs, w h e reas  th e rm a liza tio n  w ith  the  la ttic e  o ccu rs  
w ith in  —2 ps; b o th  in a g ree m e n t w ith  D ira c  fe rm io n s  dy-

FIG. 1. (Color online) (a) Ground-state absorption spectrum of 
the Comocat CNT sample, where the excitation photon energy at 
1.6 eV is assigned. Inset; energy level diagram and excited optical 
transitions for M-NT (left) and S-NT (right). Filled areas indicate 
fully occupied electronic states. For metallic nanotubes the first and 
second valence (conduction) bands are assigned, whereas for semi
conducting nanotubes the k = 0 exciton states and continuum band 
are shown, (b) Transient photomodulation spectrum at f=0 (within 
200 fs) obtained using the MHz laser system (in the mid-IR and 
single data points) and the kHz system (near-IR-visible range), re
spectively; the signal for the latter was scaled down by a factor of 
120 for normalization purpose. The inset shows the pump-probe 
anisotropy. r(t) in the PB bands E n  and E 22 of the (6.5) S-NT. 
obtained using the kHz system.
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n am ics re cen tly  o b ta in e d  in 2 D  g ra p h e n e .2 W e a lso  assign  
e x c ito n ic  sp ec tra l fe a tu re s  in SN T, m ain ly  o f  (6 ,5 ) c h ira lity ; 
in p a rticu la r, a  p ro m in e n t in tra ex c ito n  tran s itio n  a ro u n d  0 .4  
eV  rep re se n ts  a  lo w e r lim it fo r  the  e x c ito n  b in d in g  energy .

W e stu d y  film s o f  C o M o C A T /N a -c h o la te  N T  su sp en s io n s  
o b ta in e d  b y  d en sity  g ra d ie n t u ltra c e n tr ifu g a tio n .8 T h e  m ost 
ab u n d an t n a n o tu b e  type  is the  (6 ,5 ) w h ich  a cc o u n ts  fo r  ab o u t 
4 5 %  o f  all S-N T . R ecen tly , the  frac tio n  o f  M -N T  in m ix e d  
m e ta llic /se m ic o n d u c tin g  N T s h a s  b een  m ea su re d  to ab o u t 
8%.9 T h e  in d iv id u a l N T s in o u r  sa m p le  a re  o rg a n iz e d  in 
sm all b u n d le s  th a t a re  p a ra lle lly  a lig n e d  to eac h  o th e r  in a 
h e x ag o n a l B ra v a is  la ttice .

T ran s ie n t p o la r iz e d  p h o to m o d u la tio n  (P M ) sp ec tro sco p y  
in the  m id -IR  sp ec tra l ra n g e  w as  c a rr ie d  o u t u sin g  a fs tw o- 
c o lo r  p u m p -p ro b e  c o rre la tio n  tec h n iq u e  w ith  a  lo w -p o w e r 
(e n e rg y /p u ls e — 0 .1  nJ), h ig h  re p e titio n  ra te  (—80 M H z) la 
se r sy s tem  b a se d  on T i:sa p p h ire  (T su n am i, S p e c tra -P h y s ic s)  
an d  an o p tica l p a ram e tric  o sc illa to r  (O p a l, S p e c tra -P h y s ic s)  
w ith  a  p ro b e  freq u e n c y  ra n g in g  fro m  0 .2 4  to 1.1 eV. P u m p - 
p ro b e  sp e c tro sco p y  in th e  n ear-IR  (N IR ) to  v is ib le  spec tra l 
ran g e  (0 .9 -2 .7  e V ) w as p e rfo rm e d  u sin g  a  reg en e ra tiv e ly  
am p lified , 1 k H z  tita n iu m -sa p p h ire  la s e r  sy s tem  w ith  
m ed iu m /s tro n g  p o w e r (e n e rg y /p u ls e — 100 nJ). W e m ea 
su re d  the  tran s ien t ch an g e  A T  in tran sm iss io n , T  u sin g  a 
p h a se -sen s itiv e  tech n iq u e ; w h e re  the  tran s ie n t a b so rb an c e  
ch an g e , A A  w a s  o b ta in e d  as A A  — - A T / T .  F o r b o th  sp ec tra l 
re g im es  the  l in e a r  d e p en d e n ce  o f  A T  on  the  p u m p  p u lse  e n 
e rg y  w as co n firm ed . T h e  PM  sp e c tra  fro m  the  tw o  la s e r  sy s 
tem s w ere  n o rm a lize d  w ith in  th e  sp ec tra l o v e r la p  fro m  0 .9 0  
to 1.25 eV. W e a lso  m e a su re d  th e  tran s ie n t p o la riza tio n  a n 
iso tro p y , r  d e fin ed  b y  the  re la tio n  r = { A A par- A A pi;rp) /  
(A A par+ 2 A A perp), w h e re  A A par a n d  A A par a re  AA w ith  p a r
a lle l a n d  p e rp en d icu la r ly  p o la r iz e d  p u m p  a n d  p ro b e  b e am s, 
re sp ec tiv e ly .

T h e  g ro u n d -s ta te  a b so rp tio n  sp ec tru m , sh o w n  in F ig . 1, is 
d o m in a te d  b y  th e  tw o  e x c ito n ic  re so n an c e s  o f  th e  (6 ,5 ) tube, 
at 1.24 a n d  2 .1 7  eV  fo r  the  E u  a n d  E 22 re so n an ces , re sp ec 
tively . T h is  sp ec tru m  a lso  c o n ta in s  a  b ro a d  b a c k g ro u n d  the 
o rig in  o f  w h ich  is still u n d e r  d eb a te . It h a s  b een  sh o w n  th a t 
h ig h e r  e x c ito n ic  s ta tes  a n d  resid u al o sc illa to r  s tren g th  fro m  
the f re e -c a rr ie r  c o n tin u u m  can  p lay  a ro le .310 T h e  la te r  m ig h t 
b e  e n h a n c e d  b y  d ie le c tr ic  sc ree n in g  d u e  to o th e r  tu b es in the 
b u n d le . U p o n  e x c ita tio n  aw ay  fro m  th e  sh a rp  lin es, the  c re 
a tio n  o f  free  e -h  p a irs  m ay  b e  fav o red .

T h e  tran s ie n t PM  sp ec tru m  at 1=0  fo r  e x c ita tio n  at 1.6 eV  
is sh o w n  in F ig . 1(b) fro m  0 .2 5  to 2 .8  eV. It sh o w s tw o  m ain  
n e g a tiv e  fe a tu re s  th a t co rre sp o n d s  to the  e x c ito n ic  re so 
n an ces  o f  th e  (6 ,5 ) tube  a n d  can  th u s b e  a ss ig n e d  to  g ro u n d - 
sta te  p h o to b le a ch in g  (P B ) c a u se d  b y  p h a se -sp ac e  filling  in 
the  (6 ,5 ) tu b es .6 W e n o te  th a t c o m p a re d  to the  a b so rp tio n  
sp ec tru m , the  re la tiv e  in te n sity  o f  th e  PB b a n d s  b e tw ee n  0 .8 0  
an d  1 eV  [ in c lu d in g  th e  (1 5 ,1 ) tu b e] is larger. T h is  is m ost 
lik e ly  d u e  to e x c ita tio n  o f  tu b es h a v in g  E 22 re so n an c e s  n ear 
the  1.6 eV  p u m p  ex c ita tio n  b u t m ay  a lso  in d ica te  en erg y  
m ig ra tio n  w ith in  the  N T  b u n d le . T h e  p re sen c e  o f  PB  fe a tu res  
ab o v e  the  p u m p  en erg y , n o tab ly  the  E 22 re so n an c e  o f  the
(6 ,5 ) tub e , su g g ests  s tro n g  e lec tro n  c o rre la tio n , le a d in g  to 
c o n fig u ra tio n  in te rac tio n  a n d  tran s itio n  m ix in g , s im ila r  to o r
g a n ic  m o le c u le s .11 In su m m ary , the  AA sp ec tru m  in d ica te s  
th a t p u m p in g  a t 1 .6  eV  p re d o m in an tly  lead s to  ex c ita tio n  o f

FIG. 2. (Color online) (a) Titnc-rcsolvcd PM spectra in the mid- 
and near-IR spectral range, (b) Norm alized time decays, m easured 
at various probe photon energies; the decay at 1.24 eV was obtained 
with the kHz system, whereas all other decays were obtained with 
the MHz system. All curves m easured with perpendicular pump- 
probe polarization, except the trace labeled “par” (parallel polariza
tion). Black dotted curve: calculated electronic cooling dynam ics in 
M-NT using literature param eters (see text), (c) Transient anisotro
pies for the PA1, PA2, and PB bands obtained with the MHz 
system.

(6 ,5 ) tu b es , o w in g  to th e ir  h ig h  ab u n d an c e  in th is sam p le , b u t 
p h o to ex c ita tio n s  in o th e r  tu b es a re  a lso  p o ss ib le .

In F ig . 1(b) in se t, w e  show  the  p u m p -p ro b e  tran s ien t p o 
la riza tio n  a n iso tro p y  r ( t)  fo r  the  PB  b an d s  o f  the  (6 ,5 ) tube  at 
1 .27 a n d  2 .1 7  eV, re sp ec tiv e ly , m e a su re d  w ith  th e  k H z  la se r  
sy s tem . W e find  a h ig h  p o la riza tio n  an iso tro p y  ( r — 0.3 ) th a t 
is a p p ro x im a te ly  c o n s tan t fo r  b o th  b a n d s . S in ce  the  e x c ito n  
tran s itio n s  a re  p o la r iz e d  a lo n g  the  n an o tu b e  ax is , th is su g 
g ests  th a t the  tran s itio n  w h ich  is e x c ite d  at 1.6 eV  is a lso  
p o la r iz e d  a lo n g  the  n a n o tu b e  ax is . T h is  is co n s is ten t w ith  
c o n se rv a tio n  o f  d ip o le  o rien ta tio n  d u rin g  in te rtu b e  e n erg y  
tran sfer. A s im ila r  b e h a v io r  is fo u n d  fo r  the  tran s ie n t p o la r
iza tio n  m em o ry  o f  tran s -p o ly a ce ty le n e  p o ly m e r ch a in s, 
w h ich  can  a lso  a rra n g e  in n a n o f ib r ils .12

T h e  m id -in fra re d  PM  sp ec tru m  is d o m in a te d  b y  tw o  
p h o to in d u c e d  a b so rp tio n  (PA ) b an d s , at 0 .3 5  eV  (PA 1), a n d  
at 0 .7  eV  (PA 2), re sp ec tiv e ly  [F ig . 2 (a )]. B o th  b a n d s  a re  
fo rm e d  in s tan ta n eo u s ly  w ith  the  p u m p  ex c ita tio n , h o w ev er, 
PA2 d ecay s  m u ch  fa s te r  than  PA 1. In F ig . 2 (b ), w e  show  
n o rm a liz e d  tran s ie n ts  at v a rio u s p ro b e  en erg ies , w h e re  the
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P A l a n d  PA 2 d y n a m ic s  a re  c o m p a re d  to  th o se  o f  se lec te d  PB  
freq u en c ie s . W e fo u n d  P A l d y n a m ic s  p e rfe c tly  m a tc h es  th a t 
o f  PB o f  bo th  PB 6.5 and  P B I5J (a t 1.24 and 0 .8 6  eV, re sp ec 
tive ly , fo r the  in d ex e d  c h ira litie s ) . T h e  k in e tic s  fo llo w s a 
p o w e r-la w  form  y ( r ) = y 0r r , w ith  y = 0 .4 5 ,  w h ich  is ty p ica l 
fo r su b d iffu s iv e  trap p in g .8 T h u s  P A l can  b e  a ss ig n e d  to  a 
tran s itio n  fro m  the  lo w e s t ly in g  (1 u) ex c ito n  s ta te  to  a  h ig h e r  
e x c ito n  s ta te  (2 g ), o r  to  th e  e -h  co n tin u u m . T h is  e s tab lish e s  a 
lo w e r lim it fo r the  ex c ito n  b in d in g  e n erg y  in th e  (6 ,5 ) tube  
E h > 0 .3 5  e V , c o n s is ten t w ith  th eo re tica l calcu la tions-’’ an d  
n o n lin e a r  o p tica l m ea su re m e n ts  such  as tw o -p h o to n  a b so rp 
tion  (R ef. 4 ) as w ell as s in g le  n a n o tu b e  f lu o re sce n ce .3

A s n o te d  a b o v e , PA2 is m u ch  sh o rte r  l iv e d  th an  P A l.  Its 
k in e tic s  is w ell fitted  by  a  b iex p o n e n tia l d e ca y  fu n c tio n , h a v 
in g  tim e  c o n s tan ts  T |~ 4 0 0  fs a n d  t ? ~ 2 ps, re sp ec tiv e ly . 
M o reo v er, n o n e  o f  th e  PB  fea tu res , a sso c ia ted  w ith  S -N T , 
sh o w s th is  u ltra fas t d e ca y  co m p o n e n t. T h e re fo re  PA2 d o es 
n o t c o m e  from  S -N T  in o u r  sam p le . In fac t s im ila r  k in e tic s  to 
th o se  o f  PA 2 w as m ea su re d  in tim e -re so lv e d  p h o to em iss io n  
an d  a ss ig n e d  to  e lec tro n  c o o lin g  in M -N T  fo llo w in g  o p tica l 
e x c i ta t io n .13 W e th u s c o n c lu d e  th a t PA2 is a sso c ia ted  w ith 
M -N T . A d d itio n a l ev id e n ce  th a t th is  PA b a n d  in v o lv es  
M -N T , is o b ta in e d  from  its tran s ie n t p o la riza tio n . F ig u re  2 (b) 
sh o w s th a t th e  u ltra fas t d e ca y  o c cu rs  fo r  PA 2 o n ly  in the  
p e rp e n d ic u la r  p u m p /p ro b e  p o la riza tio n ; w h e reas  the  d e ca y  in 
the  p a ra lle l p o la riza tio n  is m u ch  slow er. A s a re su lt th e  a n 
iso tro p y , r  o f  PA 2 b a n d  ac tu a lly  rise s  d u rin g  the  first few  
p ico sec o n d s  [see  F ig . 2 (c )], w h e rea s  all o th e r  PA a n d  PB  
b a n d s  h a v e  c o n s ta n t r  c lo se  to  th e  v a lu e  0 .4  p re d ic te d  fo r 
iso tro p ic a lly  o r ie n te d  tran s itio n  d ip o le s . T h e o ry  p re d ic ts  th a t 
o p tica l tran s itio n s  fro m  D irac  fe rm io n s  to  h ig h e r  b a n d s  be 
p e rp en d icu la r ly  p o la r iz e d .14 W e th u s p ro p o se  th a t PA2 is d u e  
to tran s itio n s  in v o lv in g  h o t D irac  fe rm io n s. F o r  a  su m m ary  
o f  the  b a n d  a ss ig n m en ts  to  o p tica l tran s itio n s  in S -N T  an d  
M -N T , see  in se t o f  F ig . 1(a).

In o rd e r  to  id en tify  th e  n u m b e r  o f  in d ep e n d en t sp ec tra l 
c o m p o n e n ts  w e p e rfo rm  a g lo b al fit o f  th e  tim e- an d  
freq u e n c y -d ep e n d en t d a ta  se t. S p ec ifica lly  th is  a llo w s s in 
g lin g  o u t th e  c o n trib u tio n  o f  fast d ecay  p ro c esse s  to  th e  tra n 
sien ts  a t p ro b e  e n e rg ie s  w h ere  a  su p e rp o sitio n  o f  PA 2, P A l,  
an d  PB  b a n d s  seem s lik e ly  (see  A p p en d ix  fo r  d e ta ils ). W e 
le f t th e  ra te  c o n s ta n t a n d  d isp e rs iv e  p a ra m e te r  y  o f  S -N T  as 
free  p a ram e te rs  in  th e  fitting , w h e reas  the  c o rre sp o n d in g  p a 
ra m e te rs  fo r M -N T  w ere  fix ed  to th e  v a lu e  w e fo u n d  abo v e . 
F ig u re  3 sh o w s th a t th e  g lo b al fit d e sc rib e s  all tran s ie n t sp e c 
tra  [F ig . 3 (a )] a n d  c ro ss  c o rre la tio n s  [F ig . 3 (b )] v e ry  w ell. 
T h e  c a lc u la te d  p o p u la tio n s  o f  the  e x c ite d  s ta te s  in th e  v a r i
o u s  N T  a re  sh o w n  in F ig . 3 (d ). A ll c o n tr ib u tio n s  from  M -N T  
are  fo u n d  to d ecay  w ith in  ~ 5  ps. T h e  tran s ie n t P M  sp ec tra , 
as o b ta in e d  fro m  the  g lo b a l fit a re  sh o w n  in F ig . 3 (c). A s 
e x p ec te d , th e  p rin c ip a l c o m p o n e n ts  th a t c o rre sp o n d  to S -N T  
can  a cc o u n t fo r the  m a jo rity  o f  th e  P B  a n d  P A l b a n d s  bu t 
sh o w  n e g lig ib le  sp ec tra l w e ig h t in th e  reg io n  o f  the  PA2 
b an d . T h e  la tte r  is d o m in a te d  b y  the  d ecay  a sso c ia ted  w ith 
m e ta llic  tu b es . H o w ev e r, th e  g lo b a l fit sh o w s th a t th e  fast 
d e ca y  p ro c ess  is a lso  p re sen t in th e  lo w -e n erg y  pa rt o f  P A l. 
In fac t, c o m p a rin g  th e  sp e c tra  fo r 0 .2  a n d  2 ps in F ig . 3(a) 
co n firm s th a t th e  lo w -e n e rg y  p a r t o f  P A l d e ca y s  m o re  
q u ick ly , le a d in g  to  a  c h an g e  in th e  P A l sp ec tra l sh ap e  d u rin g  
the  first few  p ico sec o n d s . M o re o v e r, the  fa s tes t p ro c ess  (w ith

0 .4  ps life tim e , red  (d a rk  g ray ) lin e  in F ig s . 3 (c) a n d  3(d )) 
h a s  a  s tro n g  c o n trib u tio n  to  the  PB  reg io n  a t 0 .8 6  eV. T h is  
su g g e s ts  th a t PA2 is p a rt o f  a  f irs t-d e riv a tiv e  sh a p e d  tim e- 
d e p en d e n t sp e c tru m  w ith p o sitiv e  a n d  n e g a tiv e  co n trib u tio n s . 
Su ch  fe a tu res  a re  ty p ic a lly  o b ta in e d  in tran s ie n t sp e c tra  o f  
m e ta ls  a n d  d e sc rib e  e le c tro n -g a s  co o lin g  in th e  v ic in ity  o f  
the  F e rm i le v e l .13 T h is  c o rro b o ra te s  o u r  a ss ig n m en t o f  fast 
d y n a m ic s  to c o o lin g  at th e  D ira c  p o in t in m e ta llic  n a n o tu b e s . 
A  sc h e m a tic  re p re se n ta tio n  o f  th e  p re d ic te d  o p tica l tran s i
tio n s  in S -N T  an d  M -N T  is g iv en  in th e  in se t o f  F ig . 1(a); fo r 
M -N T  e x c ite d  a t 1.6 eV, the  o p tica l b a n d  g a p  fo r th e  (p e r
p en d ic u la rly  p o la rize d ) tran s itio n  from  the F erm i e d g e  to the  
first ex c ito n  b a n d  is e x p e c te d  a t a ro u n d  0 .8  eV. A  n o n e q u i
lib riu m  d is tr ib u tio n  o f  th e  F e rm io n s  w ill th u s  re su lt in a d d i
tio n a l a b so rp tio n  b e lo w  0 .8  eV, to g e th e r  w ith  a  b leach  ab o v e
0 .8  eV, in a cc o rd an c e  w ith th e  re su lts  fro m  the g lo b a l fit.

T h e  tran s ie n t re sp o n se  o f  D irac  fe rm io n s  in m u ltila y e r  
g ra p h en e  w as recen tly  re p o rte d .2 T h e  tran s ie n ts  w ere  a lso  
fo u n d  to  fo llo w  a  b iex p o n e n tia l d ecay  fu n c tio n  w ith  tw o 
tim e  co n s tan ts , v e ry  s im ila r  to  T | a n d  t 2 o b ta in e d  h e re . T h e  
fast tim e  c o n s tan t o f  few  h u n d re d  fs w as in te rp re te d  as d u e  to 
h o t c a rr ie r  th e rm a liza tio n  w ith in  the  e le c tro n ic  sy s te m s e s 
tab lish in g  a  q u a s ieq u ilib r iu m  e le c tro n ic  tem p e ra tu re , T e > T \  
w h e reas  the  lo n g er, ps tim e  c o n s ta n t w as a ss ig n e d  to c o o lin g  
o f  the  e le c tro n  p lasm a , w h ere  the  e le c tro n ic  tem p e ra tu re , T e 
a p p ro ac h in g  th a t o f  th e  la ttic e  tem p e ra tu re . S im ila r ly  w e in 
te rp re t th e  o b ta in e d  tim e  c o n s tan t T| as d u e  to  h o t c a rr ie r  
th e rm a liza tio n  w ith in  th e  e le c tro n ic  sy s te m  a n d  t2 as the  
tim e  fo r the  e le c tro n ic  an d  la ttic e  su b sy s tem s  to e q u ilib ra te . 
W e th u s  c o n c lu d e  th a t in fact th e  D irac  fe rm io n  d y n a m ic s  a re  
n o t d iffe re n t in ID  M -N T  a n d  2 D  g rap h en e .

In c o n c lu s io n , by  p ro b in g  a  v e ry  b ro a d  sp ec tra l reg io n  in 
the  N IR -v is ib le  ran g e  w e a ss ig n  a fa st PA b a n d  as d u e  to 
D ira c  F e rm io n  c o o lin g . W e id en tify  a  sp ec tra l s ig n a tu re  o f  
th ese  s ta te s  in the  tran s ie n t P M  sp e c tra  a n d  m easu re  th e ir  
c o o lin g  ra te  in ID  m e ta ls , rep o rtin g  a q u a n tita tiv e  d e sc rip 
tion . T h e  e x tre m e ly  fa st k in e tic s , d e sc rib e d  b y  a  b ie x p o n e n 
tial w ith  0 .4  a n d  2 ps tim e  c o n s tan t, re sp ec tiv e ly , a re  in te r
p re te d  as d u e  to  h o t c a r r ie r  th e rm a liza tio n  to  e s tab lish  an 
e le c tro n ic  te m p e ra tu re  a n d  p la sm a  c o o lin g  to  th e  la ttic e . In 
ad d itio n , w e  a lso  fo u n d  a lo w -e n e rg y  PA b a n d  a t 0 .3 5  eV, 
w h ich  seem s c o m m o n  to  e x c ito n s  in S -N T  a n d  su g g e s ts  a 
lo w e r lim it fo r th e ir  b in d in g  energy .
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APPENDIX: GLOBAL FIT

T h e  tim e -d e p e n d e n t p o p u la tio n s  re la tiv e  to se m ic o n d u c t
in g  (sc ), e x c ite d  m e ta llic  (m ), a n d  e le c tro n ica lly  h o t (h) m e 
ta llic  tu b es  a re  fo u n d  b y  n u m erica lly  so lv in g  th e  fo llo w in g  
ra te  eq u a tio n s:
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FIG. 3. (Color online) Global fit of time-resolved PM spectra, assuming three different types of photoexcitations (a) single spectra at 
various pump-probe delay times given in the box (thin dotted curves) and global fits (thick solid curves), (b) Single time traces in the PA1, 
PA2, and PB bands at given probe energies (thin dotted curves) and global fits (thick solid curves), (c) Absorption cross-section spectra for 
the photoexcitations, as obtained from the global fitting routine, (d) Time-dependent populations of the photoexcitations as obtained from the 
global fitting routine.

dn*c / x / x 
—  = g ( t )  -  k x( t )n sc 

a t

= gW - krnm
a t

d n h
— k rn m — k cn h

a t

W e fix ed  th e  e le c tro n ic  re la x a tio n  tim e  l / k r an d  th e  
e le c tro n ic  c o o lin g  tim e  l / k c to  0 .4  an d  2 .0  p s, re sp ec tiv e ly .

E x c ito n  d ecay  in  th e  se m ic o n d u c tin g  tu b es  w as a ssu m e d  d is 
p e rs iv e , k i( t )  = k x 0( t / t 0) y w ith  t0= 1 ps. T h e  o p tic a l g e n e ra 
tio n  o f  e x c ited  sta tes  o c cu rs  w ith  th e  G a u ss ia n  g e n e ra tio n  
fu n c tio n  g (t) .  T h e  g lo b a l fittin g  p ro c e d u re  is d o n e  b y  m in i
m iz in g  th e  e rro r sq u a re  b e tw e e n  th e  m e a su re d  m atrix , 
AA exp( E ,t )  a n d  th e  c a lc u la te d  o n e , A A ca[c( E , t ) 
= d'E jc r ( i ,E ) c ( i , t )  b y  o p tim iz in g  th e  a b so rp tio n  c ro ss  sec tio n s 
c r ( i ,E ) a n d  th e  p o p u la tio n s  c ( i , t )  fo r  a ll p h o to e x c ita tio n s  i 
e { s c ,m ,h }  as d e fin ed  in  th e  k in e tic  e q u a tio n  sch em e. T h e  
f ilm  th ic k n e ss  is g iv en  b y  d.

*larry.luer @ imdea.org 
1 P. Avouris, Z. H. Chen, and V. Perebeinos, Nat. Nanotechnol. 2, 

605 (2007).
2P  A. George, J. Strait, J. Dawlaty, S. Shivaraman, M. Chan- 

drashekhar, F. Rana, and M. G. Spencer, Nano Lett. 8, 4248 
(2008).

3J. Lefebvre and P  Finnie, Nano Lett. 8, 1890 (2008).

4F. Wang, G. Dukovic, L. E. Brus, and T. F. Heinz, Science 308, 
838 (2005).

5R. B. Capaz, C. D. Spataru, S. Ismail-Beigi, and S. G. Louie, 
Phys. Rev. B 74, 121401 (2006).

6L. Luer, S. Hoseinkhani, D. Polli, J. Crochet, T. Hertel, and 
G. Lanzani, Nat. Phys. 5, 54 (2009).

7F. Wang, D. J. Cho, B. Kessler, J. Deslippe, P. J. Schuck, S. G.

205411-4



U L TR A FA ST  D Y N A M IC S IN M E T A L L IC  A N D . PH Y S IC A L  R E V IE W  B 80, 205411 (2009)

Louie, A. Zettl, T. F. Heinz, and Y. R. Shen, Phys. Rev. Lett. 99, 
227401 (2007).

SZ. P. Zhu, J. Crochet, M. S. Arnold, M . C. Hersam, H. Ulbricht, 
D. Resasco, and T. Hertel, J. Phys. Chem. C 111, 3831 (2007). 

<JA. V. Naumov, O. A. Kuznetsov, A. R. Harutyunyan, A. A. 
Green, M. C. Hersam, D. E. Resasco, P. N. Nikolaev, and R. B. 
W eisman, Nano Lett. 9, 3203 (2009).

10A. Nish, J. Y. Hwang, J. Doig, and R. J. Nicholas, Nat. Nano-

technol. 2, 640 (2007). 
n L. Luer, C. M anzoni, G. Cerullo, G. Lanzani, and M. M e- 

neghetti, Phys. Rev. Lett. 99, 027401 (2007).
I2Z. Vardeny, J. Strait, D. M oses, T. C. Chung, and A. J. Heeger, 

Phys. Rev. Lett. 49, 1657 (1982).
I3 T. Hertel and O. M oos, Phys. Rev. Lett. 84, 5002 (2000).
I4 Z. D. Wang, D. Psiachos, R. F. Badilla, and S. M azum dar, J. 

Phys.: Condens. M atter 21, 095009 (2009).

205411-5


