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Good electrical contacts with a surface resistance <10 4f~cmZbetweengoldwiresandYBa2Cu307_asinglecrystalsweremade 
with an ultrasonic wedge bonder. From resisitivity measurements it is found that the dependence of Tc upon the magnetic field is 
highly anisotropic. With magnetic field B II c a dramatic broadening of the transition is observed. This is interpreted as being due 
to disorder in the crystallographic (a, b) plane. The measured critical fields, extrapolated to zero temperature using the Wer- 
thamer, Helfand and Hohenberg formalism, are B~c = 23 + 1 T and B~ = 180 + 10 T. 

1. Introduction 

Since the discovery o f  high-To superconductivity 
[ 1 ] and the study of  the sintered material by a num- 
ber of  groups it has become increasingly clear that 
the study of  single crystals [2-8  ] is necessary for a 
better understanding of  this exciting class of  mate- 
rials. In this context the smallness of  the crystals 
presently available asks for a small contact area in 
resistivity measurements. Although resistivity mea- 
surements on single crystals were realized [3,5,9-12] 
previously, until now only a few reports [ 5 ] have ap- 
peared of  samples with a sharp superconductivity 
transition above 90 K. The crystal used in this work 
has a Tc of  90.7 K and a transition width as deter- 
mined from resistivity o f  less than 1 K. Using ultra- 
sonic bonding we were able to make sufficiently small 
contacts to leave a large portion of  the crystal that is 
sampled in our four point resistivity measurement. 

2. Crystal preparation 

Single crystals of  YBa2Cu307_~ were grown from 
the off-stochiometric composit ion (Y: Ba: Cu 
= 1 :4 :8 .5)  by partial melting followed by slowly 

cooling of  the uncompacted,  mixed, powder com- 
ponents. Crystals could the taken from the resulting 
matrix by picking them up with an ordinary tweezer. 
Typical crystal dimensions were 1 × 1 × 0.3 m m  3. The 
crystals turned out to a superconducting without ad- 
ditional oxyen annealing. Details of  the crystal growth 
procedure will be given elsewhere [ 13 ]. Using X-ray 
diffraction we established that the single crystals had 
their c-axis perpendicular to the largest face o f  the 
samples. The experiments described here were done 
on a single crystal of  dimensions 0 . 5 7 × 0 . 4 2 × 0 . 1 8  
mm 3 (0.18 m m  in the c-axis direction). 

3. Bonding technique 

Various techniques have been described to make 
electrical contacts on YBa2Cu307_ ~ samples. Several 
of  these are listed below. I f  specified by the original 
autors we show the contact resistance or resistivity 
in parentheses: 
(i) Forced contacts i.e. pressing electrical contacts 

onto a c rys ta l [  14,15] (2 -4  ~ ) .  
(ii) Gold paint [2] (10 ~ ) .  
(iii) Silver paint [3,16]. 
(iv) Copper pads evaporated onto the sample [ 12]. 
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(v)  Silver pads annealed with the sample at 900°C 
[17].  

(v i )  Gold pads annealed with the sample at 1065 C 
[18] (180 gf~ cm2). 

(v i i )  Ind ium solder [19].  
Except for the forced contacts  method,  which is not 
appropr ia te  for the relatively fragile single crystals, 
all methods  lead to ra ther  large contact  surfaces. 

Within  the context of  an ongoing program of  re- 
s is tometric studies of  superconductors  under  very 
high pressures in our  labora tory  and in view of  in- 
vestigations of  high-T~, superconductors  in a dia-  
mond anvil cell [20-24]  we devised a simple method 
enabling us to make contacts  on small single crystals 
of  typical  d imensions  0.4 X 0.4 X 0.2 m m  3. This tech- 
nique is ul trasonic bonding.  

We used a TU-907 Ult rasonic  Wedge Bonder  with 
a 10 G Controller,  both  from Mech. El. Industr ies  
(Woburn,  MA, USA) .  Pr ior  to the bonding the sam- 
ple was glued onto a small piece of  pr in ted  circuit  
board,  with a soluble hard resin. No pre- t rea tment  
o f  the crystal surface proved to be necessary for the 
bonding.  Contacts  were made  between the pr in ted  
circuit  board  and the sample with 25 lam d iamete r  
beta-gold wires ( that  is gold with ~ 10 -5 parts be- 
ryl l ium).  Best results for the YBa2Cu3Ov ~ single 
crystals were ob ta ined  with the following bonding 
condit ions.  The sample was kept at room tempera-  
ture. The bonding t ime was 60 ms, the power  1.5 W 
and the ul trasonic frequency 63 kHz. The force be- 
tween the tip of  the bonding machine  and the sample 
was 29 gramforce.  The condi t ions  ment ioned  so far 
do not seem to be very critical. 

Somewhat  more  crit ical is the tempera ture  of  the 
tip. Since the tip is rather small  and the heating ele- 
ment  is 2 cm away from the tip the result of  the mea- 
surement  of  t ip t empera ture  depends  on the 
exper imenta l  procedure.  For  this reason we describe 
the setup used by us to measure the tempera ture  of  
the t ip (see fig. 1). In place of  the YBa2Cu30;_,~ 
crystal a microscope cover glass (C)  of  thickness 0.15 
m m  is used. This is unsuppor ted  over  a distance of  
5 m m  and rests on the sample holder  ( H )  of  the 
bonding apparatus .  On the coverglass a copper  con- 
s tantan thermocouple  (T)  is placed (d i ame te r  cop- 
per wire: 80 lam, constantan wire 120 lam). The tip 
is pressed onto the thermocouple  (T )  with the bond-  
ing force (29 gf)  and the thermovol tage  is measured  
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Fig. I. The setup used to delermine the tip temperature o1" lhc 

bonding apparalus. The lip is pressed with a force of 29 gram- 

force on the thermocouple l ,  which rests on a microscope cover 
glass C (0.15 mm thicknessL Temperature is found t¥om the 

thermovoltage as measured on voltmeter V. H is the standard 
sample holder of the bonding apparatus. 

on a vol tmeter  V. From this measuremenl  we ob- 
ta ined a tip tempera ture  of  378 + 15 K. 

For  the data  presented herein, all 4 contacts  were 
located on the same (001)  face of  the crystal. With 
different  bonding condi t ions (30 ms, 0.75 W )  it also 
proved possible to make contacts  on the (100)  or 
(010)  faces. A typical contact  resistance was ~ ~ at 
293 and ~ 3 ~ at 77 K. If  after the first bonding  the 
resistance was not satisfactory, good contacts  could 
be made  by bonding a fresh gold wire at the same 
spot. Since the contact  area is certainly less than 
40 × 100 ~tm 2, the surface resistance of  the contacts  
is smaller than 10 -4 ~ cm 2. Attempts  were also made 
with a lumin ium wires (99% AI, 1% Si).  This led to 
mechanical ly  stronger contacts. The contact  resis- 
tance, however, was ~ 102 ~ at room tempera ture  
and increased to ~ 103 ~ at 77 K. 

4. Experimental procedure 

The resistance of  the sample was measured  with a 
4 probe dc technique. In order  to e l iminate  the effect 
of  thermovol tage induced in the contacts  a n d / o r  
other  connect ions the current direct ion was reversed 
every 0.25 seconds and the ampl i tude  of  the mea- 
sured voltage averaged. The current  used was 1 mA. 
It was verif ied at zero magnetic  field that  the same 
results were obta ined  with a current  of  100 p.A. The 
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direction of  the current was always parallel to the 
largest dimension of  the crystal. The temperature was 
measured with a standard platinum resistor [R (273 
K) = 100 D ], calibrated in magnetic fields up to 5 T. 
In a typical experiment we kept the orientation of  
the crystal fixed and the magnetic field constant. The 
temperature was varied slowly ( ~ 0.1 K / m i n )  and 
the voltage was plotted directly versus temperature. 
The curves shown in figs. 2 and 3 are not a fit to 
measured points, but are the original measurements. 

5. Results 
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Fig. 3. Resistivity of YBa2Cu307_ 6 as a function of temperature. 
Values for magnetic fields of 0, 1.5, 3 and 5 T are given. The 
magnetic field is parallel to the c-axis of the crystal. 

In zero magnetic field the resistivity has a linear 
temperature dependence from room temperature 
down to 120 K, extrapolating to a finite positive re- 
sistance at zero temperature. In figs. 2 and 3 the re- 
sistivity close to Tc is shown with the magnetic field 
B perpendicular ( B ± c ) ,  respectively parallel (Bll c) 
to the c-axis o f  the crystal. Note that To= 90.7 K and 
the transition width o f  less than 1 K in zero field 
which is significantly sharper than reported in the 
literature [ 3,9,11,12 ]. We believe this is an indica- 
tion o f  the good quality o f  the crystal. For B ± c (in 
fact B was parallel to the 0.42 m m  edge of  the sam- 
ple) the width of  the transition increases slightly with 
increasing magnetic field (fig. 2): the transition stays 
relatively sharp up to our highest fields. With the 
magnetic field parallel to the c-axis however there is 
a dramatic broadening of  the transition (fig. 3). 

Using the van der Pauw [25] technique the resis- 
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Fig. 2. Resistivity of YBa2Cu3OT_ 6 as a function of temperature. 
Values for magnetic fields of 0, 1.5, 3 and 5 T are given. The 
magnetic field is perpendicular to the c-axis of the crystal. 

tivity of  the sample can be determined. This method 
is based on the assumption, that the current is dis- 
tributed homogeneously along the thickness of  the 
sample. Because of  the reported [2] anisotropy in 
the conductivity this assumption probably is not 
valid. We nevertheless give the result: 10 mD in fig. 
2 and 3 corresponds to a specific resistivity of  230 
~tD cm. 

Susceptibility measurements on crystals of  the 
same batch were reported elsewhee by van den Berg 
et al. [26] .  These give a Tc which is systematically 
lower than that observed resistivity. This has been 
tentatively attributed [27] to local enhancement of  
superconductivity at the twin planes. 

Previously the broadening of  the transition in poly- 
crystalline samples was attributed to the random ori- 
entation of  the crystallites [28 ]. To explain this width 
Welch et al. [28] postulated an anisotropy ratio 
(OB~/OT)/ (OB~2/OT)  of  25 to 50. 

However, at least the same amount  of  broadening 
of  the transition with magnetic field is observed in 
single crystals with BIIc (see e.g. fig. 3). We cannot 
completely rule out the possibility o f  inclusions of  
the flux from which our crystals were grown in our 
crystals. Since Laue photos gave no indication for 
their presence we assume them absent. Of  course due 
to the twinning (which is present in our crystal) a 
randomness in crystal orientation with respect to the 
a- and b-axes is present. However, as B is perpen- 
dicular to the (a, b) plane we see from symmetry that, 
if the crystallites were independent of  each other, this 
randomness cannot lead to a broadening of  the tran- 
sition. Therefore an other explanation is needed. 
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6. Discussion 

A behaviour ,  s imilar  to that  observed by us has 
been predic ted  by Morgenstern et al. [29] for a 
square latt ice of  superconduct ing clusters with dis- 
order. A cluster is a region of  coherent phase and does 
not necessarily coincide with physical  ( sub)  grain 
boundaries .  The pos tu la ted  two-dimensional  spin- 
glass Hami l ton ian  is 

H = -  ~ K,  COS(~Oi-tpj--A#) , (1)  
I,I  

where K~j is the hopping matr ix  e lement  of  Cooper  
pairs from cluster i to a neighbouring cluster j ,  and 
(p, is the phase of  the wavefunct ion in cluster i. A ,  is 
a phase factor def ined by 

J 

2~ 
A,, = J A  dt  (2)  

t 

with 0o the flux quan tum and A the vector  potent ia l  
of  the magnet ic  field. In this model  cluster-site dis- 
order  plays an essential role. F rom eq. (2)  follows 
that  this leads to a term propor t iona l  to H in Ham-  
i l tonian ( 1 ). Hence the width of  the t ransi t ion will 
increase with increasing magnetic  field, as is ob- 
served (see figs. 2 and 3). At constant  magni tude  of  
the external  field one expects the d isorder  to vary as 
(cos 0) 2 where 0 is the angle between H and c. 

We now turn to the observed shift in T,. with ap- 
plied magnet ic  field. Because the t ransi t ion is b road  
one has to define T~. A convent ion  [28,30] has ar- 
isen to take for Bc2 the t empera ture  T~m where the 
resist ivity is half  of  the ext rapola ted  normal  state re- 
sistivity. However,  in single crystals, where a mix- 
ture o f  components  is not  plausible it seems to be 
more appropr ia te  to take the zero resistance value 
T~f. In the following we show T~f as well as Tcm. 

TO summar ize  the exper imenta l  results we have 
plotted the critical field for both orientat ions B~2~ and 
B~.2z versus t empera ture  (fig. 4) .  In table I the slope 
of  these curves is compared  with the l i terature.  For  
compar ison  with the result of  Welch et al. [28] also 
the anisot ropy rat io  is shown. In compar ing  these re- 
sults it must  be noted that not all authors use the same 
def ini t ion of  T~, as indicated,  and that  several au- 
thors, notably Moodera  et al. [ 12 ] repor t  a clear cur- 
vature in Bc2 (T) .  Hence the value obta ined  for OB~2/ 
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Fig. 4. Critical field g,.2 versus temperature tbr the two orienta- 
tions B I c and B 2_ c. The dashed lines show l:.m ( the temperature 
where the resistance has dropped by 50%). The full lines show 
7",~ (the temperature where the resistance is zero). 

0 7" is somewhat arbitrary. Also we observe that poorer  
quali ty samples would tend to have a smaller  ratio 
( O B & / ~ T )  / (0B~2/0T). Using the Werthamer ,  Hel- 
fand and Hohenberg  ( W H H )  theory [31 ] we have 
ext rapola ted  our data  to de termine  the cr i t icalf  field 
Be2 up to zero temperature .  The results are plot ted 
in fig. 5. The full curves refer to the zero resistance 
t ransi t ion point  T,+ We also show (dashed curves)  
the behaviour  of  the T~m transi t ion point.  The W H H  

Table 1 
Slope of the temperature dependence of the upper critical field 
for the two field orientations B±c and Bnc, and their ratio. The 
definition of critical field is indicated by 7',,,~ ( 50% resistivity ). 
T, (zero resistivity) and T,, (onset). 

References 1~ OB& OB,:: OB,~,/O 7 
aT OT OB~,/OT 

(T/K) (T/K) ratio 

Resistivit?~ 
measurements 

Thiswork 1~,~, -6.0+2.0 -0.7_+0.1 9 
Thiswork Tu -3.5£1.0 -0.4+_0.1 9 
Hidakaetal. [3] 7~,1, - I .95 -0.37 5 
Forroetal. [101 T~m -3.1 -0.32 10 
Mooderaetal. [12] T~,,, -3.6 -1.1 3 

Magnetic 
measurements 

Worthingtonetal. [8] 7~,, -2.3 -0.71 3 
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Fig. 5. Extrapolated critical fields Bc2. Lower curves apply to the 
orientation B[Ic, upper curves to B l c .  Full curves show Tcf, 
dashed curves To,, With each curve the corresponding spin-or- 
bit coupling parameter 2 so is indicated. 

parameter  a was determined f rom the equation 

a = - 0 . 5 2 7 5 8  \ ~T Jr=re" 

where OB~2/OTis to be expressed in tesla/kelvin [ 32 ]. 
Since the strength of  the spin-orbi t  coupling is not 
a priori clear, the parameter  2so is treated by us as 
unknown. For polycristalline YBa2Cu3Ov_6, van 
Bentum et al. [33] have proposed 2so= 2 by scaling 
the 2so which best fitted measurements  on 
La~.8sSro.~sCuO4. For BII c we find the zero temper-  
ature critical field corresponding to Tcf: this is 
B J2f (0)  = 23 + 1 T, independent  o f  the exact value of  
2~o. Also we see that  the transit ion becomes very 
broad with a field B~2m (0 )  = 40 T corresponding to 
Tcr,. That  is, if  T~m can be extrapolated in the same 
manner  as Tcf. For B l c  we find B~cr(0)  = 180-- + l0 
T and B ~ m ( 0 ) = 2 5 0 - + 3 0  T for 2 < 2 s o < 5  which 
seems a plausible regime [ 33 ]. These values exceed 
the Pauli limiting critical field [34] H e =  
1.84T~= 170 T. 

7. Conclusions 

Using ultrasonic bonding it is possible to do sen- 
sitive and accurate four-point resistivity measure- 
ments on very small (single) crystals. 

Our partial melting method gives high quality sin- 
gle crystals. The broadening of  the superconducting 
transition with magnetic field for B II c seems to be in 
agreement with a model disordered superconducting 
clusters. 

From the field dependence of  Tcr zero temperature 
critical fields B~2 = 2 3 +  1 T and Bc~ = 180+ 10 T 
were determined using standard WHH theory. 
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