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INTERACTION OF PYRIDINE WITH Bi,CaSr,Cu,0,
J. V. Acrivos** and C. T. Lin'

San Jose’ State University, San Jose’” CA 95192-0101,"
and IRC in Superconductivity, Cambridge University,*

Abstract: The adsorption of of pyridine on single crystals of Bi;CaSr,Cu,O, has been fol-
lowed by optical microscopy on the crystal surface where a blue solution is formed as a first
step of reaction. The superconducting propertics of the single crystal and its structure were
monitored by ac susceptibility and x-ray diffraction measurements. The results (as observed
by the growth of the blue solution boundary versus time with D,, = 3.7x10-1° cm?/s.) inli-
catc that the reaction starts at nucleation sites on the basal surface of the crystal. The edges
of the crystal also show blue nucleation sites but these do not grow with time. The changes
in the ac susceptibility indicate that the superconducting volume has increased. This can be
explained by the intercalation of pyridine, although the x-ray data are not very conclusive.

I. Introduction.

The layer structure shown by all of the new cuprate superconductors suggests that the covalent
layers (e.g., CuQ,, Bi0,,.) are intercalated in between ionic layers layers (i.e., the layers con-
taining the oxygen ions and the other cations which constitutc the single crystal).(') Also many
of these materials can be pealed with adhesive tape indicating that the forces holding some of the
layers are as weak as in other layer compounds such as graphite. This suggests that the super-
conducting cuprates can undergo intercalation rcactions in a similar way as graphite and the
layer dichalcogenides.(2) The properties of Bi,CaSr,Cu,O, exposed to pyridine have been investi-
gated in search for for evidencc of the ellects of intercalation on superconductivity.

I1. Experimental.

The single crystals were prepared as described elsewherc,(*) and the rcaction of the crystals with
Merck, reagent grade pyridine was carried out in a closcd desiccator containig CaCl, drying
agent. At the IRC for superconductivity, the changes in the crystal surface werc observed using
an OLYMPUS BH2-M Universal Series microscope, cquipped with a 35 mm. camera; the ac
susceptibility measurements from 4 to 100 K were carricd out using a l.akeshore Model 7000 ac
susceptometer that was calibrated with Pb standard sphercs and the 00¢ diffractions were meas-
ured with a DIFFRACTINEL System. The crystals do not appear to be attacked by moisture
belore or after the rcaction with pyridine.

II1. Results.

The surface of a single crystal of Bi,CaSr,Cu,0, exposed to pyridine is shown in Figure 1.
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I1ig. 11 Photograph ol the surfacc optical reflection of crystal #1 Bi,CaSr,Cu,O, , exposed to
pyridine vapor and liquid for § and 10 days, respectively, inside the desiccator. The lhight
sourcc is the halogen vapor lamp ol the microscope. The blue center is characteristic of all
the nucleation sites.

Iigure 2 shows other nucleation centers observed.
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I['ig. 2: Photograph ol the surface optical reflection of crystals #7 and #1 Bi,CaSr,Cu,O, , exposed
to pyridine vapor and liquid lor eight days inside the desiccator. The light source 1s the
halogen vapor lamp of the microscope.  The blue center is characteristic for all the
nucleation sites.



Here both the basal plane and the crystal edges show the presence of blue nucleation sites.
However only the nucleation centers formed on the basal plane grow with time. The largest
nucleation center shown is an active reaction site. It grows with a blue edge front of 50um
radius and a width of several um. Other reaction sites on the basal plane that show brown edged
radii do not grow with time. The lines on the crystal surface are not affected by the exposure to
pyridine. They appear to be crystal growth steps. Thus the fact that the circular fronts for the
two nucleation centers shown in Figure 1 go under the growth steps suggests that the diffusion
proceeds under the basal plane, i.e., this offers evidence that intercalation of the first few layers
has occurred. The growth of the active reaction site in IFigure 1 may be used to estimate the
basal diffusion coefficient of the intercalant. In two days, the radius of the site shown grows
from 40 to 120 um. This indicates that the combined time for reaction and diffusion gives an
effective diffusion coelficient in two dimensions of D,, = 3.7x10-10 cm? /s. However the growth
of the reaction sites appears to be limited by the size and the presence of other sites nearby. The
reaction sites formed near the single crystal edges are very close together and do not grow with
time. This is the first direct observation that, only the reaction sites formed on the basal plane
of the crystal lead to subsequent intercalation. Indirect information based on the decrease of the
reflecting power of the 00¢ and hkO x-ray di(lractions for single crystals of of Ta$S, in the sym-
metric position, exposed to NH, gas, led to the mechanism hypothesis that the intercalation of
layer compounds starts by the formation of reactions sites on the basal surface of the crystal.(?)
These observations on the cuprate superconductors not only support the hypothesis, they
confirm it with additional information, namely that under the attack of an intercalant as, gas,
reaction sites are indeed formed at the crystal edges, as common sense would suggest. The new
important datum, however, is that the sites must be isolated, as on the basal surface of the
crystal in order for the intercalation reaction to proceed into the bulk crystal. The chemical
reaction may be written as:

bo +n1(g) = ¢, (1

where ¢, and ¢, represent the original and intercalated phases respectively and I(g) is the
pyridine intercalant. Evidence for intercalation can be obtained only qualitatively by x-ray
diffraction. For a single crystal in the symmetric position, diffraction data only give information
on the the respective c-axes. Here ¢, = 30.63 A,(!) and if a stage | intercalated compound is
produced, ¢; = ¢, + d; where d; represents the thickness of the intercalant layer. For a stage 1
complex Xiang et al., have found that, in iodine intercalated Bi;CaSr,Cu,Os , the 008 and 0010
diffractions of the pristine phase ¢, coincide with the 0010 and 0012 diflractions of the
intercalated phase ¢,, whilst other diffractions confirm the presence of the intercalated phase.
Here a similar case occurs and a d; of 7.5 A can explain the new strong Cu K_diffraction
observed at 20 = 37.7° for ¢, Changes in the relative intensity of the diffraction lines have also
been observed here but, the changes in the ac susceptibility are more conclusive in the matter of
intercalation.

The results of the ac susceptibility measurements arc shown in Figure 3. The effective complex
susceptibility, X,” - iX .” was measured in the field H = I, cos(2zft), at the frequency f =
333.33 11z and amplitudes Hy = 30 and 15 uT in order to verify that saturation ficld effects arc
not present. No differences were observed when the data was normalized at 30 uT. The data in
Figure 3 are normalized at 30 uT. The demagnetization correction is very important for the flat
single crystals used.(>6) The ac susceptibility measurements shown in Figure 3 record the output
voltage v of the lock-in-detector of the Lakeshore 7000 susceptometer. The effective suscepti-
bility is then given by:(5)

Xe = av/(VH,f) 2)



where a is the calibration constant and V is the sample volume. The true susceptibility is
obtained by introducing the demagnetization correction which obtains:(5)

X =X,/(1 - DX,) 3)

Here D is the demagnetization factor which may be calculated given the sample shape. D = 1/3
for spheres and [or superconducting Pb spheres X = -1, obtains X, = -1.5 which allows us to
use the calibration for the instrument (14V = 2.0 x 10-5cm® when Hy = 0.3 mT and f = 333.333
Hz to within a 3% accuracy),(’) i.e., « = 3uTm?/Vs in relation (2) obtains X,,” = -5.8 to within
25% accuracy in Figure 3 where the highest error is introduced in determining the sample
volume as follows.
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Fig. 3: Effective susceptibility for crystal #9 (Bi;CaSr,Cu,0., belore and after exposure to
pyridine in the desiccator for a number of days d). The ordinate units are #V but the zero
point at T above T, is displaced for each curve, i.e., the voltage output is given by the
difference between the value near 30 K and say 90 K. X, ., identifies the susceptibility meas-
ured after d days of exposure and each curve is designated by the number of days of
reaction with pyridine d” or d” for the in phase or out of phase susceptibility respectively.

The sample is a [lat crystal and all the measurements are made with c¢// H,. The 2*10-4 g crystal
with a basal area given by the side dimensions, a*b = 2%*0.5 mm?, has a volume, estimated from
the weight using the crystalline density (6.53 g/cm3) V = 30 x 10-!2 m 3 and an overall thickness,
d=V/ab=30 um. Then the calibration curves, (%) obtain for b/a=0.25 and d/a=0.015, D(¢,) =
0.9528 for the pristine phase ¢ . The strongest evidence for intercalation now is obtained by the
change in X,; The data in Figure 3 show that after intercalation the signal has increased, i.e.,
the in phase eflective susceptibility ratio is:

Ix=Xed Koo = 2.45 Q)



independent of d = 2,.6 and 9 days of reaction. This suggests that a. change in demagnetization
factor has caused the increase in X,s. For a completcly intercalated sample, the volume V;
~increases, i.e.,

- rp=VyVo=cjjcg=124 ()

and the calibration curves,(®) obtain D(¢;)= 0.9376 for the intercalated phase. = However at
some intermediate time where the above measurements were made the ratio: :

r=ryx/ry (6)

determines the amplitude of the effective susceptibility, i.e., from relations (3) to (6) it follows
that the ratio of the true susceptibility for the intercalated and pristine sample is:

X(¢1) [X(¢o) = r(1-D($0)Xe(#0))/(1-1D(¢ )X () - ()

The calibration gives for the data in Figure 3, X, = -5.8 and, assuming that intercalation is
complete, X,, = -11.5. Then in relation (7):

r, = X(¢)/X(gg)=1.1 1))

i.e., the susceptibility is unchanged to within 10% at 30 K for the data in Figure 3. The devi-
ation from unity may be due to the fact that the sample is not completely intercalated and it
may also be due to the error introduced by the uncertainty in the sample volume. The physical
significance here is, that for superconductors, the changes in the amplitudes of the effective sus-
ceptibility, X, are a very sensitive measure of the change in the sample volume through the
demagnetization factor where,

r/r=1+(1D(¢;) — D($0))X($0) 9)

The cffect of the pyridine intercalant on the superconducting transition temperature of
Bi,CaSr,Cu,0, is to lower it by a few degrees (5 K in Figure 3).

IV. Discussion.

The two dimensional nature of the cuprate superconductors is confirmed by the intercalation
rcaction. The large unit cell for Bi,CaSr,Cu,0, (with ¢; = 30.63 A) could explain the
intercalation by pyridine (this work), and by iodine.(*) There are other cases wherc the
intercalation of chlorine and fluorine has increased the superconducting transition temperature of
Y,Ba,Cu;0s, as follows. Perrin et al.,(¥9) have intercalated Y,Ba,Cu;O, , x = 6, 6.7 and 7. by
reaction (1) with intercalant gases CCl,, I, and Cl,. The saturation values depend on x, i.e., the
final compounds are Y,Ba,CuyOsCl,3 , Y,Ba,Cu;05,Cliys and Y,Ba,Cu;0;Cless , which suggests
that the reaction is controlled by charge transfer and that Y,Ba,Cu,0; is still an electron donor.
The compound Y;Ba,Cu;04,Cl, shows a transition temperature to superconductivity above 85 K
for y greater than 0.1.

The reaction with electron donors has also been reported, e.g., Y,Ba,Cu;O, reacting with butyl
lithium produces the complex Y;Ba,Cu;O0,Li, ,('®) which is superconducting near 92 K for x less



than 0.5, suggesting that both acceptor and donor adducts can intercalate the superconducting
layer cuprates. Pyridine can be both a donor and an acceptor.

V. Conclusions.

The observation of a blue solution formed at the reaction sites of pyridine intercalant on the
basal surface of a layered superconducting cuprate indicates that one of the first steps in the
intercalation of metals and semimetals is chemisorption and that, most probably, charge transfer
is involved in this step. The insertion of the adduct in between the two dimensional networks
provided by the metal appears to be restricted by the space available for diffusion of the pro-
ducts from the initial reaction site. A high concentration of reaction sites (as formed near the
crystal edges) does not lead to diffusion into the solid.

The superconducting properties of the pyridine intercalated Bi,CaSr,Cu,O, are changed as would
be expected in a charge transfer reaction. Here the superconducting transition temperature T, is
decreased by 5 K. In other cases, the intercalation of strong electron acceptors such as Cl,,
increase T, in Y,Ba,Cu;Oq; . It appears that the Fermi level of the host solid plays an important
role in determining whether T, increases or decreases by the effect of charge transfer. This effect
has also been observed for the layer dichalcogenides.(2)
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¢+ n I(g) = ¢,

where ¢y and ¢, represent the original and
intercalated phases respectively and I(g) is the pyridine
intercalant.



The effective complex susceptibility,
Xel — 1X e//

was measured in the field H = H, cos(2xnft),
at f = 333.33 Hz and amplitudes H, = 30 and 15 uT

Xe = av/(VHf)

X = X,/(1 - DX,)

rx =X, /X,o = 2.45

'y = VI/VO = CI/CO = 1.24

r=rx/ry=1.98

X(h)) [X(bo) = H(1-D(Bo)Xo(b))/(1-TD( YX (b))
r, = X(é)/X(do) = 1.1

r/r=1+(r,D(¢ 1) — D(d))X (o)

(2)

(3)

(4) -

(5)

(6)

(7)
(8)

)



1. The two dimensional nature of the cuprate superconductors leads
to the intercalation reaction.

2. The large unit cell for Bi,CaSr,Cu,O, could explain the
intercalation by pyridine and by iodine.

3. There are other cases where the intercalation of Cl,and F, has
increased the superconducting transition temperature of Y;Ba,Cu3Os;
The saturation values depend on x, i.e., the final compounds are
Y]B32CU306C12_38,Y1BﬂzCU3O(,,7C|1,13,Y1B32CU3O7C10_(,5 > Y;BazCu307 is
still an electron donor.

4.  Y,Ba,Cu3O¢sCl, shows a transition temperature to
superconductivity above 85 K for y greater than 0.1.

5. The reaction with electron donors has also been reported, e.g.,
Y,Ba,Cu;O; reacting with butyl lithium produces the complex
Y,Ba,Cu;0,Li, superconducting near 92 K for x less than 0.5.

6. Pyridine can be both a donor and an acceptor.

7. The observation of a blue solution formed at the reaction sites of
pyridine intercalant on the basal surface of a layered cuprate indicates
that one of the first steps in the intercalation of metals and semi-
metals is chemisorption and that, most probably, charge transfer is
involved in this step.

8. The insertion of the adduct in between the two dimensional net-
works provided by the metal appears to be restricted by the space
available for diffusion of the products from the initial reaction site. A
high concentration of reaction sites (as formed near the crystal edges)
does not lead to diffusion into the solid.

9. The superconducting properties of the pyridine intercalated
Bi,CaSr,Cu,0, are changed as would be expected in a charge transfer
reaction.
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