
by a controlled cooling/ox\~genation treat- 
ment. The products were studied by x-ray 
powder diffraction (XRD) and four-point 
probe resistance and susceptibilinr measure- 

Bulk Superconductivity at 122 K in T1(Ba,Ca)&a3- 
C U ~ ~ ~ ~ . ~ + ~  with Four Consecutive Copper Layers 

The observed increase of superconducting transition temperature (T,) with the 
number of copper oxide planes continues in the f o u r - [ C ~ O ~ ] - ~  layer (single TI layer) 
oxide superconductor, which has been prepared with >80% purity and was magneti- 
cally aligned for crystallographic identification. A master scaling cunTe is proposed, 
which ties together the T,'s of virtually all known Bi and TI oxide superconductors, 
and shows that the Tl(Bi) layers play an essential role in the superconductivity. 

T HE "SECOND-GENERATION" SUPER- 

conducting cuprates containing thal- 
lium or bismuth are layered com- 

pounds with the general formula (BU'),- 
(A'L)2Ca,-lCu,0,, where B"' = TI or Bi, 
A" = Ba or Sr, and z = (312)y + 2n + 
1 + 6 (1-3). They form nvo homologous 
series with y = 1 and y = 2. It  was found 

because it extends and quantifies the increase 
(4) of Tc with n within the (y = 1) series to n 
= 4. The quantitative correlation (7, 8) be- 
tween T, and structural data is applied to the 
(y = 1) series, extended to n = 4; by includ- 
ing a heuristic contribution from the addition- 
al B"' layer in the (y = 2) series, we 
can construct a master curve for both series 

that within each series, the superconducting that can be extrapolated to  estimate the ulti- 
transition temperature (T,) increases mono- mate T, for a "pure" cuprate super- 
tonically with n, the number of consecutive conductor. 
copper oxide layers (4). Phases with y = 2 Phases with n = 2, 3, and 4 were pre- 
contain TI or Bi as double layers; (y = 2) pared from the mixed oxide powders, fol- 
compounds with rl = 1, 2, and 3 have been lowing a complex thermal treatment sched- 

as bulk materials (1-3). A thallium 
phase of this type, T12Ba2Ca2Cu30,, yields 
the highest T, reported to date, 125 K 
(3). Cuprates with y = 1 have single B"' 
oxide layers; to form these phases, 3"' 
must be predominantly TI. We have previous- 
ly reported the preparation and properties of 
(y = 1) phases with n = 1 (1201 phase) (5) 
and n = 2 (1212 phase) (6). We have now 
prepared bulk samples of the single TI layer 
phases with rz = 3 [also found by Parkin 
et a1 ; see discussion m (4)] and, reported 
here. 12=4 11234 ~hase) :  we oresent 

ule featuring irereaction steps on heating, a 
high-temperature reaction step of 5 to  1 0  
minutes at 870°C, and a normalization treat- 
ment of 10 to 12 hours at 800°C, followed 

Fig. 1. (A) X-ray diffracto- 
gram (count rare in arbitraq E l  units) for a sample of corn- E 

Lents with a superconduciing quantum in- 
terference device (SQUID). 

In identifjing the XRD patterns, we have 
found it useful to  study also magnetically 
oriented samples (9, 10) as reported in more 
detail elsewhere (11). In such samples, the 
grains have a common c-axis direction and 
XRD provides definitive unit cell height 
information even in mixed phase samples. 
This is illustrated by the x-ray diffractogram, 
Fig. lA,  which shows the {0 0 I} lines of the 
phases with n = 3 and n = 4. 

Depending on starting composition 
(which usually contained Cu oxide and Ca 
oxide in excess over the ideal cuprate com- 
position) and heat treatment, we found 
combinations of the supercocducting 
(y = 1) TI cuprates with n = 2, 3, and 4, a 
nonsuperconducting cubic TI, Ba perovskite 
with cell parameter a = 4.28 A, and small 
amounts of unreacted copper oxide. Each of 
the three superconducting cuprates has been 
obtained without admixture of any of the 
others in at least one sample, with only the 
cubic perovskite (and excess CuO) appear- 
ing as contaminants. An example is given in 
Fig. 1B that shows that XRD intensity plot 
for an ( n  = 4) sample. Although a given 
combination of composition and heat treat- 
ment gives reproducible results, the system- 
atic study of the many compositional and 
thermal variables involved is not yet ad- 
vanced sufficiently for a detailed correlation 

I " 

initial structuri and s~~erconducth-i& data ~ s i d o n  ~ 1 1 . 3 3 ~ &  sBazCa3 33- 
C h O ,  aligned with H I on these phases. The (n = 4) phase, with [0011 in a field of and 

four consecutive copper oxide layers (inter- moLmted in epox)., sho,ving 
spersed by Ca), has Tc(R=O) = 122 K, that is, the {001) planes of ( n  = 3) 
the second highest Tc reported to date [by and ( n  = 4) cuprate pani- 

comparison, for the (n = 3) phase, Tc(R=O) = 
cles. There are small admh- 
tures of perovskite and 0th- 20 30 40 50 

110 K (4)]. This result is especidy s i g d c a n t  ,,, unidentified (probably 28 (degrees) 
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also magneticallv -aligned) 
phases (B) Indexed XRD 
lntensitv (in arbitran units) 
for a sample of composl- 80 

tlon TI, ,,BaI ,,Ca,Cu,O, , 
containing predommant- 60 

ly the (n = 4) phase + 
n(B% so Q)~C~~CQO,, wth - 40 

admvttures of cublc T1,Ba 
perovslute (dashed lines and 20 

B 
I 
0 
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small amounts each of excess 1 , I ( I pea h g  ,.., 1 0 9  1 1 ~ 1 1 9 . ~ y /  1 1  
*Pres~nt addrcs Department of Pht rlcs Boston Unl CUO and an unidentified 

1 

20 30 40 50 60 
xersin, Boston MA 02215 constituent (*) 28 (degrees) 



of these variables with the resulting phases. 
The lattice parameters of the three cu- 

prates are listed in Table 1;  their primitive 
tetragonal unit cells (P4lmmm) with ideal 
atomic positions are shown in Fig. 2. Fur- 
ther crystallographic data will be published 
(12). The stacking sequence (with successive 
layers in x = 0, y = 0 and in x = 112, y = 

112) is: 

T 1 -  Ba - Cu - [Ca - CU],-~ - Ba o (1)  

The c-axes for n = 2, 3, and 4 (Table 1 )  
are consistent with the stacking sequence 1. 
For all n, the average distance between Cu 
planes is d(Cu-Cu) -3.1A. [Also included 
in Table 1 are data for the previously report- 
ed (Tl, Bi) single layer phases (5, 6) with 
n = 1 (5) and n = 2 (6), which contain Sr 
instead of Ba.] 

Figure 3A shows the resistance measured 
on a mixed phase sample with 60% (iz = 4)  
phase and 40% (il = 3)  phase. This sample 
had T,(,,,,,, = 125 K and Tc(R=O) = 

122 K. This agrees closely with the onset of 
diamagnetism at 122 K measured on  an 
oriented sample \vith >80% (n = 4)  phase 

[mounted in epoxy (9 ,  I I ) ]  shown in Fig. 
3B. Tc values are listed in Table 1. 

Last, we discuss the obsenred variation of 
T, with n. I t  has been proposed (7) that in 
the Bi cuprates only the [ C U O ~ ] - ~  layers 
contribute to  the superconductivity, so that 
Tc should be a hnct ion of the volume 
fraction, J,, of the material associated with 
these layers. T o  test this, we show in Fig. 4A 
the dependence of Tc on  n for both the 
single and double TI layer superconductors, 
expressed in a plot of log Tc versus liJ,, 
wherei, is defined as follows. From Table 1, 
it can be seen that the following formula 
holds approximately for each cuprate: 

where c, is the lattice parameter, cc, = 3.1 A 
is the average "thickness" of a single copper 
oxide layer (equal to  the average distance 
benveen successive Cu planes, as seen in Fig. 
2),  and CT) is the net "thickness" of the T1- 
oxide layer, taken as the distance bemeen 
the centers of the Ba atoms sandwiching this 
laver. For a single TI layer (y = l ) ,  c ~ )  ' 6 .5  
A; for a double layer (y = 2),  CTI -- 8.5 A. 

Table 1. Structure data and superconducting properties of single T1,Bi layer phases of the series 
(B111)~(A11)~Ca,r-~C~n02,,+~.~+8. 

Components Short form a (A) r (A) c 'c(R=o) 
(K) 

Ref. 

3.847 12.74 98 90 This work 

A" = (Ba,Ca) 3.849 15.87 114 110 (4);  this work 
3.850 19.01 125 122 This work 

B"' = (T1,Bi) 3.745 9.00 50 25 (5) 

A" = (Sr,Ca) 3.800 12.07 90 75 ( 6 )  

*Designation for the 1201 phase used in ( 5 ) .  

Fig. 2. Unit cells (~vi th  idealized atomic positions) of the first b u r  membcrs of the homoiogous series 
TIl(A11)2Ca,,-lCu,,01, where z = 211 + 2.5 + 6. 

Then 

Various models (7, 8) have suggested 

In T, - constant - (J,)" (4)  

with p = 1 (8) o r  213 (7).  Figure 4A shouls 
that the Tc data for the single TI layer 
compounds are consistent with p = 1 up  t o  
and including n = 4 (however, p = 213 fits 
the data almost as well). Although the y = 2 
points for T 1  compounds fall on a common 
straight line, as shown in Fig. 4A, nvo 
different curves are required to  fit the y = 2 
data (2, 3) for T1 and Bi con~pounds, respec- 
tively. 

One may try to  integrate all of these data 
sets (Fig. 4B) by noting that for 1) = 2, the 
extra TI layer has almost the same effect on 
T, as an extra Cu layer, that is, T,(y = 2, 
n )  r Tc(y = 1, n + 1 ) .  In fact, defining 

with ciI  = 2.0 A for y = 2, brings the mro 
curves from Fig. 4A into near coincidence 
(Fig. 4B). This C ~ I  is close to  the cq,stallo- 
graphic TI layer thickness (the difference 
benveen a Ba-T1-T1-Ba and a Ba-TI-Ba lay- 
er), C T ~ , ~ ~ ~ ~ ~  -- 2.0 A. This result suggests 

Temperature (K) 

Temperature (K) 

Fig. 3. (A) Resistance versus temperature for 
(Tl0.sPb0.2) ,2s(Bao.sCao S ) Z C ~ ~ C U ~ O ~ ,  which con- 
talns the rt = 4 phase and the ti = 3 phase. (B) 
Magnetic moment (arbitran units) versus tem- 
perature for an aligned Til,33Bal,33Ca4Cu40,, 
sample that contains predominantly the ti = 4 
phase (see Fig. 1B). 
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Fig. 4. (A) Plots of In T,  versus lif, for the two TI(Ba) series with y = 1 and y = 2. (8)  master cunre 
showing all four families scaled versus l/,fk, where the "superconducting fractionXj; is defined in Eq. 5. 
The symbols refer to different families: S, single B1'' layer phase; D, double B"' layer phase. 

2.12 * 

that the T1 double layers play a contributing 
role in the superconductivity. On the other 
hand, the single T1 layers in a y = 1 phase 
and about 50% of the T1 double layer in a 
y = 2 phase formally do not contribute to 
Tc. We also include data for (y = 1) TI 
compounds with Sr instead of Ba (cTI = 0) 
and (y = 2) Bi compounds (cki  = 1.0 A). It 
can be seen that all data except the (n = 1) 
Bi compound fall on a common straight line 
that extrapolates to Tc = 180 K for the 
"pure" f = 1 phase. 

This extrapolation must be used with 

2.04 

- 
C" 
A 

1.96 

c #  1.88 

caution, since the TI or Bi layer appears to 
be necessary for producing holes in the 
[ C U O ~ ] - ~  layers. Thus the material with 
neither T1 nor Bi (or equivalent) layers is 
nonsuperconducting, and indeed semicon- 
ducting (13), even though formally f, = 

jb = 1. Nevertheless, with an appropriate 
mix of TVBi and Cu layers or by appropriate 
doping in the Ca2+ site, it may be possible 
to approach the extrapolated limit. 

In conclusion, we have shown that Tc 
continues to increase with the number of Cu 
oxide layers for the single layer TI cuprates at 

. TIIBa-D 

\* n = h  
0 TIlBa-S 

. n=2 

0 n=2 

.n=l 

Femtosecond Clocking of the Chemical Bond 

1 .OO 2.0 3.00 4.00 

l l f ,  

When a chemical bond is broken in a direct dissociation reaction, the process is so rapid 
that it has generally been considered instantaneous and thus unmeasurable. However, 
the bond does persist for times on the order of 10-l3 seconds after the photon has been 
absorbed. Femtosecond (10-l5 second) laser techniques can be used to directly clock 
this process, which describes the dynamics of the chemical bond. The time required to 
break the chemical bond in an elementary reaction has been measured and the 
characteristic repulsion length for the potential governing fragment separation has 
been obtained. 

T HE STRUCTURE OF THE CHEMICAL 

bond in molecules is now well char- 
acterized in a variety of systems. Un- 

til recently, however, the dynamics of the 
chemical bond have not been directly ob- 
served, because the relevant time scales in- 
volved are too rapid. For example, one 
might ask the question: how long does it 
take to break a chemical bond in the elemen- 
tary reaction ABC + hv + A + BC ? Two 
fundamental processes are involved in this 
reaction. The first, which is virtually instan- 

Arthur Amos Noyes Laboratory of Chem~cal Physlcs, 
California Institute ofTechnolog)., Pasadena, C24 91125. 

taneous, is the transition of ABC from its 
ground (bound) potential energy surface 
(PES) to an excited (dissociative) PES. The 
second process, the so-called half-collision, 
in\rol\res the subsequent time evolution of 
the molecule on this dissociative PES. This 
evolution must lead to the spatial separa- 
tion of the fragments; when the fragments 
no longer interact, the chemical bond is 
broken. 

The terminal velocities of separation of 
the fragments for such reactions are typically 
-1 km s-' (=0.01 fs-I). If the bond is 
considered to be broken when the fragments 
are a fen, times their equilibrium bond 

ieast to n = 4 and that the T ,  data can be 
fitted to a common curve. 
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length apart (npically several angstroms), 
then the time required to break the bond 
must be of the order of a few hundred 
femtoseconds. Recent advances in ultrafast 
laser spectroscopy of chemical reactions (1- 
5) have allowed the observation of chemical 
bond dvnamics on this time scale. We report 
the dirkct clocking measurement of bond- " 
breaking time in the elementary reaction 
ICN + hv+ I + CN. 

The dissociation reaction of ICN on the 
repulsive surface passes through transition- 
state configurations, 

ICN* -+ [I.-CN]** -+ I + CN 

where the bond stretches from the initial 
value at Ro to "infinite" separation, that is, 
when the I and CN fragments are sufficient- 
ly separated so as to no longer interact. Real- 
time observations of these transition states 
([I...CN]+*) have been made with femtose- 
cond transition-state spectroscopy (FTS), a 
technique for viewing the fragments en 
route to products (2). However, the abso- 
lute clocking of these transition states and 
of the final states (free fragments) was not 
established, since the exact zero-of-time was 
not determined. To measure the actual time 
for bond breaking and to obtain informa- 
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