
controlled more carefi~lly t h a n  stochastic 
11o1se. 

Whether  resilient cluantuln computation 
can be implemented III practice remains to 
be seen. However, the  results obtained here 
shon- that,  in  principle, noise of a level 
belonl the  error threshold is not  an  obstacle 
for quantum computat~on.  
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Absence of a Spin Gap in the materials. 
\We discuss the  ladder co~ i lpoun~l  

Superconducting Ladder Sr2Ca12C~~21011,  1v11ich derives from the  
parent compound S~ , ,CLI ,~O~,  through C a  
suhst~tation. T h e  structure of Sr,,Cu,,OII 

Compound Sr2Cal 2C~2404 ,  dlsplays ladders parallel CUO, to  chains the  c and axis CLI,O~ of the  structure two-leg 

H. Mayaffre, P. Auban-Senzier, M. Nardone, D. Jerome," 
D. Poilblanc, C. Bourbonnais, U. Ammerahl, 

G. Dhalenne, A. Revcolevschi 

Transport and copper-63 nuclear magnetic resonance measurements of the Kn~ght shift 
. and relaxation t~me T, performed on the two-leg spin ladders of Sr2Ca,2Cu,,0,, single 

crystals as a function of pressure show a collapse of the gap in ladder spin excitations 
when superconductivity is stabilized at 31 kilobars. This result suggests that the su- 
perconducting phase in these mater~als may be connected to this transition and the 
collapse of the spin gap, and support the prediction made with exact diagonalization 
techniques In two-leg isotropic t - J ladder models of a transition between a low-doping 
spin gap phase and a gapless regime. 

T h e  existence of superconiIuctivity in two 
families of nlaterials \\.here this property 
x i s  11c1t espected a t  first sight [the 1on.- 

q .  '\4ayaffre, P. A~,can-Senz~er, '\4 Nardol;e C Jerome, 
Laborato re de P : i y s q ~ ~ e  des S o  des JRA 002 iassoce 
aL1 CNRSI, dn\!erste Pars-Sud. 91L05 Orsay, France. 
D. Po~lblanc. Lacoratore de Pt;ysque C~.antque dMR 
5626 iassocie au CNRS' Unversite Paul Sacater, 31 062 
-oulouse France 
C 3o~rbonna1s Centre de Recierche en Pi-ys~que du 
S o d e  Depariement de PPys c l ~ ~ e  Un berslte de Sner 
brooke SPerbrooke, O ~ ~ e c e c  Canada J l  K2Rl 
d .  Ammeranl, Lacoratoire de C n ~ m ~ e  des Sodes URA 
LL6 :ass016 au CNRS: Unversite Pars-Sud 91 LO5 Or- 

Llimensional organic conductors and the  
high-transition temperature (T,) cu- 
prates] has heen a major achie~.emenr  of 
condenseil matter research of the  last tn70 
decades. T h e  lnechanism of superconduc- 
tivity for both classes of compounds is still 
~ ~ n d e r  intense deliate, but there is already 
a consensus about their ion-dimensional 
electronic structure tha t  may be the  clue 
governing superconducting ( S C )  pairing 
correlations. T h e  recent finding of nen- 
SC copper oxide structures ( 1 )  exhibitlng 
one-dimensional ( l D )  features with both 

say, France and I Physkasci-es lnst~tut, Jn~vers~tat ZL, isolated CuO, challis alId Cu20,  lad- 
Koln Z ipcne r  Strasse 77 C-50937 Koln Germany 
G. CPaenne and A. Revcoe\!scP Laboratore de C h m e  ders-tllat is, palrs of Cuol linked 
des Solides URA LL6 :assOCle aL1 CNF;~ ' ,  dnlverslte by oxygen atoms between the  coppers- 
Pars-Sud, 91 405 Orsay France has profoundly revived t h e  lnterest for 
-To '?;Porn correspol;del-'ce si'oud be addressed. superconductivity in  cuprates and 1 D  

(2) ;  other insulating 1 D  materials llke 
SrCu,O, contain only Cu,O, laLILlers and 
no  chains. In  contrast, the undopeLl parent 
compound for the high-Tc cuprates exhibits 
a 2D C u O L  layer structure. In  both systems, 
all copper sites belonging to  the  ladders or 
to  the  planes are occupied by a spin 112 
Cu'+ 1011. However, although long-range 
a ~ ~ t i f e r r o m a g n e t ~ s n  is stabilizeLl a t  l o ~ v  T in  
the  2D spln system, the properties of the  
snin ladder Inaterials can be drasticallv dif- 
ferent. In  two-leg ladder systems, dominant 
antiferromagnetic (AF) coupling ,J between 
the  copper spins o n  the  same rung leads to 
the  forination of a spin singlet o n  each rung. 
Consequently, the  ground state of the 
whole ladder is a singlet spin state, and a 
finite energy is neeLled to excite a r~111g spin 
singlet to a spin triplet state. A spin gap 
situation is obtained with a characteristic 
exponential drop of the  spin susceptibility 
LIFO" cooling down. 

T h e  existence of a spin gap in a spin- 
ladder structure has been first proposed the- 
oreticallv 13) and found experimentallv in , , ,  

several even-leg ladder copper oxide sys- 
tems [SrCu,O, (4, 5) ,  LaCuOlj (6)]  or 
organic materials (7). T h e  spin gap is e s -  
pected to be quite robust to various pertur- 
bations. For example, it is predicted to  be 
stable up to arbitrary s~ilall magnetic cou- 
pling along the  rungs of the  ladders (8) or in 
the  presence of a small interladder coupling 
(9). 
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T h e  persistence of the  s p ~ n  gap upon 
light hole doping has been establisheLl by 
various techniques [see, for example, (3 ,  
13-12)]. Even more exciting was the  sug- 
g e s t ~ ~ ~ ~  tha t  the  s p ~ n  gap leads to  a n  at-  
tractive interaction 13. 13) of holes o n  the  
same rung, hence providing dominant  d- 
\va\re-like SC p a i r ~ n g  correlations (13,  14)  
that  co~rld  posslbly materialize into  a 3 D  
SC state a t  lo\\. T. In  addition, t h e  numer- 
ical ~n \~es t iga t ion  of the  co~l lnle te  nhase 
diagram (15)  of t h e  two-leg isotropic t - J 
ladder ( i n  t111s moilel the    notion of t h e  
Zhang-R~ce  s ~ n g l e t  holes are descr~bed by 
a hopping matrlx element t )  suggests t h e  
nossibilitv of a transition from the  low- 
doping spin-gap phase (with the  concom- 
i tant  forlnation of hole pairs) toward a 
gapless regime. Al though the  existence of 
such a transition is clear a t  sufficiently 
large doping, the  existence of a gapless 
phase a t  small doping and small J/t ratio is 
still controversial. 

Some similarities between the  super- 
c o n d u c t i ~ ~ i t y  in  quasi - lD organic conduc- 
tors (1  6 )  and in  ladLler copper oxides have 
been noted (17)  because, for both cases, 
s~~percon~luc t iv i ty  arises once a charge lo- 
calized state is suppressed above a critical 
pressure ( P ) .  T h e  resemblance is no t  com- 
plete, however, because the  hanil is a half 
or a quarter f ~ l l e d  in  organic ~ o n ~ l u c t o r s ,  
whereas ~t 1s \,err; likelv incommensurate 
and possibly ~ - d e p e n ~ l e n t  in  the  case of 
ladders. Furthermore, the  localization pro- 
cess occurs through a spin density \\-aye 
state in  organics with t h e  concomitant 
opening of a n  exchange gap a t  the  Ferini 
level ( 1 6 ) ,  whereas it can be attributed to  
a charge density wave state in  ladder 
compounds. 

Optical ~ o n ~ l u c t i v i t y  measurelnents of 
Sr,4.,Ca,Cu24041 have shown that holes 
are transferred to the ladders from the  
chains upon increasing the  C a  concentra- 
tion (18) .  A copper valency of -2.2 is 
therefore reached in Sr,Ca1,Cuz4O4, (hole 
density of 0.2 per ladLler-Cu). Increasing P 
might further increase the  density of holes 
in  CLI-ladders or nossiblv decrease the  ratio 
Jlt, or both, and ;rigger ;he transition from 
the  spin gap regime to a gapless phase w'ith 
low-lying spin excitations. 

T h e  prediction of a coexistence, in  the  
lightly doped regime, of the  spin gap with 
Lli\rergent SC correlations (1  3 )  is very sug- 
gestive for experimentalists. Therefore, it 
is a c n ~ c i a l  experimental test t o  investigate 
whether the  finite spin gap persists in  spin 
excitations of Sr ,4 ,Ca,C~~,4041 n ~ h e n  su- 
perconductivity ot Ca-substituted com- 
vo t~nds  is stabilized under P. W e  vresent 
the  preliminary results of transport and 
"Cu-nuclear magnetic resonance ( N b l R )  
studies performed o n  a S r2Ca l lCu24041  

s ~ n o l e  crvstal under P. W7e show, a t  31 
kbar, t he  s i rn~~l taneous onset of supercon- 
Ll~~ct i \ , i ty  below 3 K and the  existence of 
low-lying spin excitations from the  T Lie- 
pendence of the  6 3 C ~  K n i g l ~ t  shift belong- 
ing to the  ladders. 

Experimental results. Two samples 
(0.73 mm by 0.65 mm by 1.18 mm for 
transport esperirnents anLl 2.12 rnrn by 0.9 
mm by 1.12 m m  for NMR,  along the  a, b, 
and c axes. r e s ~ e c t i v e l ~ )  were cut out from , , 
the same slice of a monodomain single crys- 
tal, several centimeters long, grown by the  
traveling solvent floatlng zone method in  
an  ~nfrared image furnace under a n  oxlgen 
P o f  13 bar 119). 

Transport data were o b t a ~ n e d  by a con-  
~ ~ e n t i o n a l  four-contact ac lock-in tech- 
nique with a nonmagnetic high-P clamped 
cell. P was calibrated a t  room T via a 
lnanganine gauge. T h e  increase of t h e  c 
axis conductivity under pressure is in  
agreement with ~ ~ a l u e s  reported (23,  21) 
for single crystals. A t  26 kbar, pc reveals a 
metal-like T dependence, with a charge 
localization beginning around 30  K but n o  
sign of ~upercon~luc t iv i ty  above 1 .8  K, 
which \\.as our lowest T. T h e  metal-like 
behavior of p, is similar under 3 1  kbar 
(Fig. I ) ,  but the  weak localizat~on a t  low T 
is stopped a t  5 K by a suLILlen drop of the  
resistance, which compares well w ~ t h  the  
P data obtained o n  a sample that  \\.as 
slightly less hole-doped (21) .  W7e believe 
tha t  the  resistance drop call be confidently 
ascribed to  t h e  onset of a P-induced SC 
ground state. 

T h e  6 j C ~ ~ - N M R  experiments were per- 
formed in  the  same high-P cell a t  a n  N M R  
frequency of 87.05 MHz. \We obtained 
"Cu-NblR signals by recording t h e  spin- 
echo amplitude of the  central transition 
( 1  1 1 2 )  of the  copper nuclei pertain- 
ing to  the  ladders. A narrow "Cu-Nh?R 
signal was also obtained by the  usual Fou- 
rier transforln ~ n e t h o ~ l .  I t  has been attrib- 
uted to "CLI nuclei in  the  P cell surround- 
ing the  sample: Because the  Knight shift of 

0 50 100 150 200 250 300 

Temperature (K) 

Fig. 1. Temperature dependence of the resistivity 
along the ladders under 31 kbar. The onset of 
superconductivity is at 5 K 

copper metal 1s ~ n s e n s i t ~ ~ ~ e  to  P o n  the  
scale of K n ~ g h t  s h ~ f t  variations to  be dis- 
cusseLl below ( 2 2 ) ,  t h e  narrow signal has 
been used as a sensitive in  situ magnetic 
field marker. 

Figure 2 presents the  T dependence of 
the  "Cu-NMR line p o s i t ~ o n  w'ith H//b 
axis a t  32.2 kbar and also, in  the  same P 
cell, after releasing the  pressure. T h e  cen- 
tral line position is affected by magnetic 
a n ~ l  second-order cluadrupolar shifts. \We 
here estimate the  latter to  be about 5 0  kHz 
fol low~ng the  determination of the  nuclear 
yuadn~po le  tensor in C a - s u b s t i t ~ ~ t e ~ l  sam- 
ples (23) .  Furthermore, this tensor is no t  
expected to be  strongly affected by a lat- 
tice contraction (going to  low T or under 
P ) ,  and a n  overall variation exceeding 
10% ( t h a t  is, 3 kHz) seems very unlikely 
(24,  25) .  Such a s ~ n a l l  shift of the  l ine 
position (50  parts per million) can admit- 
tedly be neglected o n  t h e  scale of the  T 
L l e p e ~ ~ d e ~ ~ c e  of the  Knight shift. A line- 
broadening even larger t h a n  a t  ambient P 
is obser\reLl a t  lo\\. T under P. Its origin 
remains to be  ~ ~ n d e r s t o o ~ l .  T h e  magnetic 
shift consists usually of a T-inLlependent 
orbital contribution, plus the  spin part 
that  fol1ou.s the  uniforin susceptibility, t he  
latter being possibly T- and P-Llependent. 
Because our lowest T for the  N M R  exper- 
iments was 5 K, t h e  data were taken in  the  
normal state only. T h e  T dependence of 
the  line position a t  a ~ n b i e n t  P leads to a n  
orbital contribution of K O ,  - 1.3396, 
which is in  agreement bvith other  data a t  
ambient P ( 2 3 ) .  T h e  resulting T-&pen- 
den t  Knight shift is plotted in Fig. 2 and 
leads to  K o,,, - 1.33% and a spin gap A>, 
- 230 K, given the  expression 
for the  T-dependent part (26) :  K > ( T )  - 
(l / \ 'T exp(-A1/kT) a t  kT << A,, ( k  is 
Boltxnann's constant) .  Making the  rea- 
sonable assumption of a P-independent 
orbital shift and a negligible T &pen- 
dence of the  quailrupolar contribution, the  
32.2 kbar data in Fig. 2 sho\v only a weak 
P depenLlence of the  spin part a t  T > 150 

I .. 
2500 3LLl.y I . .  0 

.I n 

" ~ 

0 50 100 150 200 250 SO0 

Temperature (K) 

Fig. 2. Temperature dependence of the S3Cu- 
ladder nucle~ Kn~ght shlft. A spln gap A,, - 250 K 
is obtained from an activation plot below 150 K. 
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K. pa'sibl~ ascribcJ t,> the  P clcrcnLience 
3f' the  quaLlrupolar shltt. ~ v h i c h  1s a t  var1- 
ante \vith the  drastic P ilecenilcncc of t he  

t c r ~ ~ ~ s  o t  a corrclatccl T L > I I I ~ > I I ~ ~ A - L L I ~ ~ ~ I I ~ ~ ~  
( T L )  liquid ( 1  6 ) .  

T h e  nuclear .;LT~II lattice relaxat1011 has 

icnce o t  . ign~ticanr T iicpendencc sugpcsts 
a relaxation ~ n d u c e d  by AF fluctuation. in  
Helsenl?erg chains. In  this T range, such a 
relaxation c h a l ~ n e l  sl~oilld not  be sensitive 
to the  preqence or the  absence of' a spin 

>pin pa" ~ I ~ s e r \  e,l at l o ~ v  T .  Figure 1 rc- 
1,eals t h e  emcri.cnce 3f  a rcro-T . ;u . ; ce~r~-  

also been mea.;ureil because thi5 c lua~~t i ry  
is a very sens1tlr.e pr~>l?e for the  Ion-lyine 
spill e x a t a r i o ~ ~ s  in  cuprate. (29)  anil I D  
LTrcanlc cL>nductors ( 3 2 ) .  T h e  pin-lattlce 
relalati011 \\-it11 H!/P n.as measured I7y the  

Gay. 
Discussion. W e  I I ~ ~ V  Jiscucs the  a l~ove  

ext-.erimental data 111 the  context  o t  esist- 
the  deLirecsiol~ o i  the  spi11 gap upon dop- 
ing. p r e v i ~ ~ i ~ i l v  a n n ~ > u ~ ~ c e , l  111 the  
K~l igh t  slllft >tuLly ~ > i  a 5r ,Ca9C~~, , i> ,  
s i n ~ l e  crystal ( 2 3 )  anLl also tl.01ll T I  iiata 111 

t he  \ v l ~ ~ > l e  wries ci>rresponLllng re> L1 5 s 5 

9 ( 2 7 ) .  H ~ > \ ~ ~ e \ - e r .  \ v l~a t  1s 1nn.;r rcmark- 
able 111 Fig. 2 is the es~stence L ~ t  lo\v- 

1112 tl~eoretical 'iwrks. As stateL{ above, 
s i~cl l  materials are exoecte;l t o  be accil- 

~atl11-~1t1oll-1-ec~)\.erv t e c h ~ l i ~ l i ~ e .  allii T n.as 
iietermineLi from the  single tillle c ~ ) n s t a n t  

ratel\- ,iescrii>eci 1.y a two-leg t - J ladLier 
that  accounts tor the  strong nearest-neigh- 
h<>r AF coupling J her\vecn the  sr ins  and 
the  hole dclocal izar io~~ t .  It is hclicvcLl 
that ,  in  these m a t c r ~ a l ~ .  ~ n t c r c h a i n  and 

i .~>~.erning the  lllag~letic relaxation in  
high-field N'LIR of a quaLlrup~>lar nucleus 
S,ICII as "'Cu (spin = 317) (31 ) .  T h e  ex- 
p o n e n t ~ a l  fir \\ 1r l1  a single tlmc constant 1s 
~ x c ~ l l ~ l l t  J O \ V 1 1  ti> 7L7 I< bllt 15 IliTt a \  i'30d 
at  lo\\- T  and leacis to  a poorer 7 deter- 
m l n a t i ~ n  as inLllcateLl b\- the  error bal-s in  

i l~t rachain  c o i ~ p l i ~ ~ q s  are silnilar (isotropic 
case) anLl comparable in  magnitude to  
r l~c i r  values in  the  2 D  copper oxiiic mare- 
rlals (typically J!t - 3.3 . . . C . 4  corre- 
. p ~ n . l i n ~  to  t11e strong c ~ i ~ p l i n c :  limit). 
Exact iiiagonali:atic>n tcchniil i~es applied 
re> the  tn-o-leg t - J laLILier have proven, in  
the  Isorroplc C C I ~ C ,  t he  i i>~-lllati~)ll  of hole 
pairs a t  ion. doping n-1th the  c o n c ~ ~ m ~ t a n t  
furmation of a .pin gap (5, lL7, 1 1  ), as 
initially si~ggesteti in  the  a~ l i so r rop~c  linlit 
( J  >> Jll). phase dldral l l  for the  iso- 
tropic t - J laelder a. a i \ lncr~on ot .T!t 
a11J ilori~lg parameters has been estab- 
11shcLl ( 15)  anLl is schematically sl~o\\m in  
Fig. 4. Rear  the  half-iilleLl 11a11ii s l t ~ ~ a t i o l ~ ,  
that  is, wit11 a .~llall hole con cent ratio^^, 

lyinq .;pin excitLitixls 111 the C J ~ I I ~ O I I I I ~  

Sr_Ca1_Cu2,O,- at P = 37.2 khar, n.hich is 
large e11~i1gh re> evicle~~cc the onset 3t s ~ ~ p e r -  
concli~cr~\-ity at 5 K. T h e  fact that iuylercon- 
ducti\.lt\- ariie. n.hen the >pin yay1 LIII the 
 ladder^ ha.; cdllapsed is an  arcumenr in f;l\>or 
of suy?ercol~;lucri\.it~- t a k i ~ y  place nn t l ~ c  

Fig. 3. LX.e take the  si11.le e x p o n e ~ ~ t i a l  
recovery [-it t he  r n a g l ~ e t i ~ a t i o l ~  as a serious 
argument \upporting the  maFnetlc orlqin 
of' t he  spill-lattice relaxation. In c ~ i c  of 
the  conlpntmd Srl,Cu2,C3,-, t he  qinqle 
exponential  tlt 1s 110 lonyer valiLi belo\v 
2L12 K (25) .  hloreover, the  relaxation rart  
 increase^ ix a h o i ~ t  a factor o t  1 C  in  the  
7 recime 317 t o  117L1 I( goi~li '  fronl 

1ad;lers. 
B7- comy3arlng the  1 har anil 3 1 kbar 

r c ~ i ~ t l \ ~ i t v  i o )  data. \ve can inter troll1 the  
smaller Increase c>f t he  p,!pl anisoti-op7- c?n 
c o o l l ~ ~ i .  at 3 1  klxr  that  the  confinement ot 

. . 

SrA,Cul,C3,- to Sr? ; C a l l  ,Cu2,C3,- ( 2 3 ) ,  
and ailother factor of 5 1' calnecl a t  3 1 . 1  t l ~ e  carrier? alone the  ladders coi~lii  corre- 

late ivlth the  size of the  >pin (23) .  This  
findin? suggests a picture of l ~ c ~ l e  palrq 
i ~ e i n q  resl~onsihle for the  c o ~ ~ d u c r i o n  \~ . i th-  
111 the  ladders ,I l o n o s  the  m a e ~ ~ e t l c  

lcbar. .i quaLlruy~olar contr ih i~t ion to the  
relaxation a t  lon. T cellla ~ ~ ~ l l i l < e l v  a t  3 1 . 1  
kbar bur callllnt l ~ c  comple re l~  csclucicJ 
until ;letallcd e s u c r l m c ~ ~ t i  011 t he  P iie- 

t L I I L ~ .  .. call pri~\-iiie the  I ~ ~ n i l i n g  k>f' t\\-i) 

holcq o n  r l ~ c  same rung ( 3 ) .  T h e  v a n i s l ~ i n ~  
of' t he  spill Gap ci3ulil t l i i~>  lie r e ~ p o n \ i l ~ l e  

pe~ l~ le l l ce  ~ f '  the  i lua i l r i~y~o l~r  cL)i~pl~n? are 
pcrtc>rmeci. T h e  1  bar anii 17.7 k b C ~ r  ;lata 
ior 7 ' versu> 7 in  l o ~ a r i t l ~ m i c  scales are 
shoiv11 in  Fic. 3. Fro111 323 ti) 7112 K. 7 is 
both  T- anil P-inJependcnr.  A t  1 Ixr.  T I  
I-rcomes acrlvated lieloiv 11L1 K \virh a n  
activation encri .~- 1' = iiL? I(. Thlc he- 

tlic qp1n gappcil pllase (wit11 a zero energy 
charge mode) is reco\:ered ivl~ile a pliase of' 
t he  TL univcrsalitv class, that i> .  n-it11 a 
>111gle gap1e.s spin and a single eapless 
charge moile, becomes stable illlder larger 
hole ,iopiqy ( 1  1 ) .  Physically, t he  e s ~ s t e n c e  
of' s i ~ c h  a transition call easily he uniier- 

f . 1 I . . .  
31  t ~e i la,ociat1t>n oi  the  pairs, maki l~g 111 

turn the  h o p p ~ n g  ot  tllr trans\.erse siqgle 
particle r a s ~ e r .  Seco11~1, the  h rha \ .~or  o i  
the  .;usce~~tihil1rv uniler 3 1 . 7  kbar \vlth 
lo\v-l\ inc spin e x c i t a r ~ o ~ l s  I>  at iirst s l c l ~ t  
r e ln i~~ i sceur  of the  siri~arion that prevails 
in  ilua:~-lL> c~rsa l~ ic  c o ~ ~ d i ~ c t ~ > r s  \vl~ere the  
susceptil~1lit1- 1. T-iiepeniient lxlo\\- 3L'C K, 
but t ~ n l t e  anLi nc>ticeahlv i n d e r ? c ~ ~ ; i c ~ ~ r  a t  

- ,  

l~av lo r  is in  fa11 agrcemellr with other 
exper i incnr~ o n  single c r v t a l ~  (23) .  Thla 
acti\.ared l-.el~a\-ior Iireaks Lll?\vn helo\\- 4L1 
K .  A t  32.2 klxr ,  t he  relaxation Lllsplays 
iluire a Jit tcrent 7 ~ i c ~ e n ~ i e l ~ c e .  \N'e can  

sti>i)d t ro~ l l  a weakly interacting balnLi pic- 
ture ( 3 2 ) .  Indeed, f'cx hole density n,, 2 
L1.5, t he  l ~ i e h e r  energy a n t i h o ~ ~ i l i n g  hand 
l~ecome:: i~nocci~pie , l ,  and one recovers a 
s ~ n p l e  'and picture analogous to  the  >ill- 
g l e - c h a ~ n  case. However,  the  line ?],, = L7.5 
is especreci r ; ~  he quire snlgul~lar becailse 
Umklapl? scattering cl~aractcriqtic of a 
half-f'111cJ banLi likely lea,{> to  ~111 insular- 
in? stare (3.3). hlore interestingly, the  pos- 

the  i3ehavior of the  cllarpe iieqreec cii f'l-ee- 
dom (>p~n-chargc  l;cpar,1t1on in a 1 D  
c l ~ a i ~ ~ ) ,  \v l~ i sh  ha\-e heen i~ndrrs tood 111 

attribute the  nonactivateil 7 depcncicnce 
to  the  co l l apc  o t  the  spin yak3 and the  
perqistence e\:en a t  In\\. T of populatcii 
<pin  c x c i t a t i o ~ ~ s  nloile> c~3ntrlix1tl11q to the  
relasatic>i~. .4t higll T, l lowe~-er ,  t he  al3- 

J / t  Fig. 4. Schematc phase daclram of the 
o 1 2 3 4 two-leg t - J ladde* as a futict~on of Jlt 

0.0 1 I I 1 I / and hole densty r i .  based on exact dago- 
nalzatons o' small clusters [see (?5i]. The 
t,- ck daslied and dotted n e s  sepa*ate t,'e 
spt i  gapped (SG) and gapless phase of the 
Tomonaga-Lutt'nger ITL) type. At large un- 
pliys~cal Jlt ratios. phase separation (PS: 
occurs. Lnes of constant ,KO (see text1 are 
also ind~cated (tti~ti dashed nes) .  The 
-atched regloti of t,-e SG p,-ase corre- 
sponds to dominant CDW ccrreatons 

I C 
1: LL 

Temperature (K) 

Fig. 3. Te,iiperature dependence or t,-e ' C a -  
adderreaxaron rare Ti ' at bar and under 32.2 
kbar. 



sibilitv of a silnllar crosso17er between the  
spin gapped phase toward a gapless phase 
also exists a t  low doping for a sufficiently 
small J/t ratio, although it is difficult t o  
estlmate numerically the  transition line 
(33)  (indicated tentatively In Fig. 4 by a 
dotted line).  Whe the r  this gapless phase 1s 
also of the  T L  type renlalns unclear. 

W e  shall areue here that  the  exveri- " 
lnelltal data of TI ,  together \ n t h  the  loss 
of suscet,tibilitv bv a factor of about 2. , , 

could possibly support the  existence of 
such a crossover in  the  Sr,,.,Ca,Cu2,04, 
materials. t he  1 bar and 32.2 kbar vhases 
being ascrlbed to  the  spin gapped and  
gapless phases, respectively. From slmple 
symmetry considerations (1 1 ), in  a ladder 
system one  espects two spin excitations 
branches tha t  could independently ac- 
quire a gap or be gapless. T h e  exponential  
decrease of the  svin susce~t ibi l i tv  a t  1 bar 
(Fig. 2 )  is characteristic of a full gap in  the  
spin sector. However, t he  gapless phase of 
the  T L  type nould exhibits one  gapless 
mode and one  mode with a g a p  T h e  sus- 
ceptibility data a t  32.2 kbar are consistent 
\vith this scenario. A t  sufficiently high Ts, 
both Inodes are expected to  contribute. 
However, the  gapped s p ~ n  nlode is depop- 
ulated o n  decreaslllg T .  A t  the  lowest Ts,  
half of the  spin degrees of freedom con- 
tribute to  the  static susceptibility as por- 
trayed by the  T variation of K5 in  Fig. 2. 

It is worth looking a t  the  T profile of 
the  relaxation rate that  would be predict- 
ed in  the  above scenario o i  the  t - ] ladder 
model. First, for T > 150 K, TIp1  is T 
indenendent,  indicatine tha t  AF chainlike " 
spin correlations dominate the  relaxation. 
This  suggests tha t  the  contribution com- 
ing from uniform spin correlations to  TI- '  
1s sufficiently small to  be safely ignored a t  
all Ts  and Ps of interest 13C). I n  the  
spin-gap phase a t  1 bar, 'where both  
branches of spin excitations are frozen, 
TI- '  and  K, are thermally activated with 
slightly different activation energies (23) .  
A t  high P. h o n e l ~ e r .  t he  restoration of a 
phaseYwith a gapless spin and a gapless 
charge modes will promote a new channel  
of relaxation of the  T L  type. This  is [yell 
knowll to  introduce a porver law compo- 
nen t  in  the  T ilependence of TI- '  tha t  
will read 

In the  lo\v-T Jomaln,  \vhere C ,  , are nos- 
itlve constants. Here,  K star& as ' the  
power laxv exponent  of tRe AF response 
function (X - T-l"K" ) (15) .  I11 the  me- 
tallic phase that  is the  precursor to  super- 
conductivity, 2Kp should be close to  unity, 
so it follows that  a nontherlnally activated 
component should emerge for T Ip1  at  suf- 
ficiently low T .  This  predictloll seenls to  

be in  qualitative agreement with the  TI- '  
data given in  Flg. 3.  Indeed, one  finds n o  
thermal act l l~at ion for the  relaxation and  
this, especially below 5 0  K where K, be- 
comes lnetalllc and  7-independent. 

W e  collclude \vith a comment o n  the 
role of inlpurity scattermg in the  framework 
of the  t - ] model. T h e  SG phase is char- 
acterized by competing 1D SC and charge 
density vave ( C D W )  fluctuations. T h e  line 
Kp = 0.5 in Fig. 4 separates the  regions of 
dominant C D W  fluctuations (hatched re- 
gion) and of dominant SC fluctuations a t  
larger ]IT ratios (1 5 ) .  Orignac and Giamar- 
chi (34)  have sho\vn that impurity scatter- 
Ing becomes strongly relel~ant 111 the  case of 
dominant CDLV fluctuations leading to lo- 
calization and possibly explaining the  insu- 
lating behavior seen at low T in  resistivity 
measurements. 

Transvort and  "Cu-NMR measure- 
inents on the  prototype S r 2 C a 1 2 C ~ ~ 2 4 0 4 1 -  
doped spin ladder under P have been re- 
ported and analyzed in  the  context of the  
t - J ladder model. T h e  drastically differ- 
en t  behaviors observed a t  1 bar and 31  
kbar of the  T dependence of the  ladder 
static susceptlbll~ty and  of the  relaxation 
rate 1/T,  are attributed to  the  appearance 
of a zeroLenergy spin mode a t  31  kbar. W e  
argue tha t  this ~ h a s e  can be identified to  - 
t he  gapless T L  metallic phase of the  t - J 
ladder. Because, in the  31  kbar phase, 
s u p e r c o n d u c t i ~ ~ ~ t y  sets in  a t  low T, this 
suggests tha t  supercollductivity itself 
m i ~ h t  be connected to  such a transition 
0 

and to  the  collapse of the  spin gap. K'e 
emphasize that  it might also be possible to  
understand the  relaxatlon data a t  32.2 
kbar in  terms of a n  activated behavior 
between 30  and 150 K,  with a gap of 120 
K coming from a single gapped spin mode 
in  a T L  ree i~ne  tha t  \vould thus be stable " 
even In the  low-doping region of the  
phase diagram (Fig. 4). This interpretation 
nould not  rule out t h e  crucial result of this 
work, namely, the  existence of low-lying 
snin excitatioris  under P as seen from the  
s ~ ~ s c e p t ~ b i l l t y  data. Because a small inter- 
ladder coupling 1s expected to  be far more 
effective in  this phase than  in  the  SG 
phase, this scenario would, in  addition, 
exolain the  drastlc decrease of the  anisot- 
ropy of the  resistivity seen in  experiments 
( 2  1 ,  28). Further experimental and theo- 
retical work is needed to  clarify this im- 
portant issue. 
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