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The self-diffusion coefficients of liquid 6Li and 7Li have been measured using NMR spin echo 
techniques with pulsed gradients. In the experimental procedure, and in the sample preparation, 
particular attention has been paid to a relative, rather than to an absolute measurement. At 190 °C, 
the ratio of the self-diffusion coefficients is found to be Z>6 (x6 =  l ) /D 7 (x7 =  l)  = 1 .0 9 ± 0 .0 6 , in agree­
ment with the square root of the mass ratio (m-lme) 1,t =  1.08. In an atomic mixture of 80% 6Li and 
20% 7Li, D6 (x6 =  0 .8 ) /D 7 (r6 =  0.8) = 1 .0 3 ± 0 .0 8  has been obtained.

Measurements of the shear viscosities of the se­
parated isotopes of molten lithium by Ban, R an­
d a l l  and M ontgom ery 1 at the melting point 
yielded a ratio ^7/^6 =  1.44, in contrast to the limit­
ing classical value of 1.08, the square root of the 
mass ratio. Moreover, L öw enberg and Lodding 2 

investigated the interdiffusion of 6Li and "Li in 
nearly pure lithium-6 , as well as in nearly pure 
lithium-7, and found a ratio of about 1.30 at the 
melting point. Because of the importance of such 
results for the fundamental theory of transport 
phenomena of the liquid state, it seemed to be of 
major interest to perform a direct measurement of 
the self-diffusion coefficients of liquid 6Li and 7Li 
with nuclear magnetic resonance (NMR) methods. 
Both M urday and COTTS 3 and the present authors 
have carried out experiments of this nature. In or­
der to obtain the ratio of the self diffusion coeffi­
cients free from systematic errors, our experiment 
has been turned as far as possible into a relative 
measurement.

A p p a ra tu s  an d  P e rfo rm a n c e

NMR spin echo techniques with pulsed field g ra ­
dients 4 were applied. Both the spectrom eter, of con­
ventional design, and the pulsed grad ien t set-up are 
hom em ade. Details of the experim ental m ethod have

already been given in another co n tex t5. F igure 1 
shows the pulse sequences used for producing the 
nuclear spin echo and the grad ien t pulses. The ratio  
of the echo am plitude M 0 w ithout, and M  with 
gradient pulses is then given by

(1)
M = M 0 exp j  — 72 Z)[<52(zl — <̂5) G2 + Ö (2 r 2 -  f  <52

— +  h )  ~  (^t2 +  H") ) £  ^0 +  t 1"3 G0-] — j  I

(y is the gyrom agnetic ratio  of the nuclei, the 
m eaning of the other param eters can be seen from 
Fig. 1). All measurem ents were carried  out at the
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Fig. 1. Pulse sequences used for the measurement of self­
diffusion coefficients.

* This paper is published both in Z. Naturforsch, and in the 
Proceedings of the Marstrand Conference on Atomic Trans­
port in Solids and Liquids, Verlag der Zeitschrift für Natur­
forschung, Tübingen 1971.
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same frequency of 5.61 MHz, and  phase sensitive 
detection was applied throughout. The grad ien t pul­
ses were produced by a pair of m agnetically oppos­
ed rectangular coils in order to obtain a geom etry 
sim ilar to that of the cylindrical sample. The coil 
arrangem ent is shown schematically in Fig. 2. The

gradient coils

Fig. 2 . Coil arrangement (left) and structure of sample (right).

pulsed gradient is longitudinal w ith respect to the 
magnetic field H 0 . The curren t th rough  the small 
sides of the rectangles produces only transverse 
field components, which do not d istu rb  the m easure­
ment. F igure 3 shows a typical example of the

Fig. 3. Nuclear spin echo of ®Li with and without gradient 
pulses.

nuclear spin echo of 6Li with and w ithout g rad ien t 
pulses. This is a m ulti-exposure photograph  of the 
oscilloscope screen in which there is some in tegra­
tion over the noise. Sudi photographs were used 
for the measurem ents. They were p referred  to elec­
tronic signal averaging, because all fluctuations in 
the adjustm ents of the apparatus tend to m ake the 
echo smaller. If such fluctuations occur, the values 
given by an electronic signal averager will there­
fore always be too small, w hereas on a photograph 
such as Fig. 3 one can select the largest signals for 
the evaluation.

Enriched lithium metal (95.6 and 99.3% flLi, main 
impurities 0.03% Ca, 0.05% Cu, 0.05% Na) and nor­
mal lithium metal (7.4% 6Li, main impurities 0.05% 
Ca, 1% Na) were obtained from Oak Ridge National 
Laboratory and E. M e r c k ,  Darmstadt, respectively.

The application of a radio frequency to metallic 
lithium requires particles with diameters of the order 
of the skin depth. At a frequency of about 6 MHz, the 
sample should therefore consist of spheres with dia­
meters of the order of 100 /urn or less. The spheres on 
the other hand must be large enough to avoid an im­
portant restriction of the diffusion within one sphere. 
After M u r d a y  and C o t t s  6, the factor which corrects 
the value of D for the effects of the boundaries is 1.1, 
in the case of a diameter of about 100 jum, but 1.2 at 
66 /um. In the present work suspensions of lithium in 
paraffin oil were used.

To prepare globules of lithium, the molten metal 
was forced with pressurized argon through a sintered 
stainless steel filter (Pall Corporation, grade D, mean 
pore size 65 jum, thickness 1.5 mm) into a bath of spec­
troscopically pure paraffin oil. After cooling, the glo­
bules were sorted according to size by means of a 
separating funnel. Concentrated suspensions were then 
obtained by removing superflous oil. When left undis­
turbed on heating, the liquid globules in these suspen­
sions, though touching each other, did not coalesce.

Precautions were taken to avoid systematic errors 
arising from differences in the particle size, the calibra­
tion of the magnetic field gradient, and the segregation 
of particles. To minimize relative errors, samples of 
mixtures of lithium globules of differing isotopic com­
positions and similar diameters were used. The par­
ticular properties of these samples can be found in 
Table 1. x6 and x7 are the mole fractions 6Li and 7Li. 
The error figures of the third column indicate the range 
of diameters that has been found microscopically.

The sample tubes (Pyrex) had an outer diameter 
of 15 mm. Within the tube, fractions of the sample are 
separated by circular mica discs, as can be seen 
schematically in Fig. 2. The mica was used in order 
to avoid gravitational demixing of the different globu­
les, which would cause errors due to the inhomogenity 
of the field gradient.

Using such samples, relative measurements of the 
ratio of the self-diffusion coefficients, which are more 
accurate than measurements of D6 or Z)7 alone, could 
be carried out. The self-diffusion coefficients of 6Li in a 
lithium-6 environment, «und of 7Li in a lithium-7 environ­
ment, were thus measured without changing the sample.

Experimental Procedure

The measurem ents were carried  out in the fol­
lowing m anner: The sample was heated by a hot 
air stream  to approxim ately 190 °C. This tempera-

6 J. S. M u r d a y  and R. M . C o t t s , J. C h e m . P h y s .  48, 4938
[1968].

Sample Preparation
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ture was controlled autom atically  and kept always 
constant. It was m easured by a therm ocouple out­
side the sam ple tube. A dum m y sample filled with 
oil was used to m easure the tem perature inside a 
sample tube and to correot the reading of the outer 
therm ocouple. Since the ratio  of the diffusion co­
efficients is not as tem perature dependent as the 
coefficients themselves, the absolute value of the 
tem perature is not so im portant. It was here m easur­
ed with an accuracy of +  2 °C. It is, however, very 
im portan t to do the m easurem ents for both diffusion 
coefficients at exactly the same tem perature, and 
this was the case here, since once the tem perature 
equilibrium  was reached, no further change was 
m ade in the heater, air-circulation and tem perature 
control systems. The m agnetic field was then ad just­
ed to one isotope, e. g. 7Li. The pulse program m e 
was adjusted  for a total m easuring time 2 r  of 10 
to 15 ms and this as well as the gradient pulse 
spacing A and the grad ien t pulse w idth d were then 
kept constant in the course of the m easurem ent. The 
grad ien t am plitude G was adjusted for a ratio  of 
the echo am plitudes w ithout and with gradient pul­
ses of 1.5 to 2.0. F our photographs sim ilar to Fig. 3 
were then taken. A fter this, the m agnetic field and 
the grad ien t am plitude were changed to the other 
isotope, e. g. 6Li. The change in the gradient am ­
plitude was effected by changing the supply voltage 
of the transisto r switch (which switched the gradient 
current) in order to m aintain the pulse shape con­
stant. This was in all cases nearly rectangular. Thus, 
no correction was applied for the rise and fall times 
of the gradient pulses. The erro r caused by this was 
very small (< 1 % )  and was the same for both iso­
topes. Then again four photographs were taken. The 
mean values of the echo am plitude ratios of these 
two sets of photographs were used to compute the 
ratio  of the diffusion coefficients according to (1) 
taking into account only the first term  on the right

side. The ratio  of the diffusion coefficients is given
by

D,  =  y7* G72 log (M0/ M ) t 
D,  y62 G62 log(M 0/M ) 7 [A)

The whole m easurem ent is thus reduced to relative 
measurem ents of the echo am plitudes w ith and w ith­
out gradient pulses and to a relative m easurem ent 
of the gradient am plitude, which was also made at 
the osciloscope using the voltage pulse produced by 
the gradient curren t in a precision resistor of 0.1 Q.  
Thus, no calib ration  e rro r of the g rad ien t coils or 
of the oscilloscope enters into the ratio  of the diffu­
sion coefficients.

R e su lts

The m ean values of the uncorreoted self-diffusion 
coefficients, as obtained with the first term  of Eq. 
(1 ) , are listed in Table 1. M ore significant are the 
ratios of the two diffusion coefficients. W ithout 
paying regard  to system atic errors and corrections, 
which will be discussed further below, these turn 
out to b e :

De ( x e =  0 .956) /D 7 ( x 7 =  0 .926) =  1.05 ±  0.03
(sample I ) ,

D6 ( x 6 =  0 .993) /D 7 ( x 7 =  0.926) =  1.08 ±  0.03
(sample I I ) ,

and D6 ( x 6 =  0.8) / D7 (x6 =  0.8) =  1.02 ±  0.05
(sample I I I ) ,

respectively. Each of these data is the mean value 
of 13 m easurem ents. The erro rs are the sums of the 
mean square e rro r and the personal erro r. The per­
sonal e rro r in evaluating noisy photographs was 
assumed to be less than 1.5%. In fact, the mean 
value and the m ean square eror of two persons 
evaluating the same set of m easurem ents were p rac­
tically the same, although there were deviations in

Table 1. Properties of the samples and experimental results. The absolute values of De and D~ are uncorrected data; no special 
care had been taken as far as the absolute calibration is concerned.

Sample Composition Particle t (°C) Z)6 -105 D7 -105 Z?6/Z>7
Diameter (jUm) (cm2/s) corrected

uncorrected

I 80% globules (xa =  0.956) 
20% globules (x7 =  0.926)

70 ± 2 0 188 6.96 6.65 1.07 ± 0 .06

II 80% globules (x6 =0.993) 
20% globules (x7=0.926)

105 ± 3 5 190 7.66 7.09 1.09 ±0 .06

III 1 0 0 % globules (x6 = 0 .8 ) 70 ± 2 0 188 6.83 6.71 1.03 ± 0 .08
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single m easurem ents. The larger e rro r in sample III  
is due to a sm aller signal to noise ratio .

There rem ain, however, three types of system atic 
erro rs, which are not com pletely com pensated for 
in the course of our m easurem ent. The first arises 
from  the second term  of Eq. (1) because there aTe 
ra ther large background gradients in such an in- 
hom ogeneous sample. T his e rro r was calculated by 
Murday and Cotts 3 to  be approxim ately 7% for 
the self-diffusion coefficients. It should be about 
equal fo r 7Li and 6Li. So we assume tha t the erro r 
in the ratio  caused by th is  effect is not larger than 
2%.

The second system atic e rro r  comes from  the fact 
tha t diffusion takes place in small spheres rather 
than in  an unbounded m edium . This e rro r has a l­
ready been m entioned. I t was trea ted  in  detail by 
Murday and Cotts 6, and in our case it is about 
10% fo r the  absolute diffusion coefficient o f one 
isotope. Because of the somewhat la rger diffusion 
coefficient, the e rro r  is  about 1% la rg e r for 6Li. 
F or th is, the m easured ratio  has only to  be co r­
rected by + 1 % .

A th ird  e rro r arises from  the fact tha t the glo­
bules in our samples were not pure 6Li and 7Li. 
Thus, in either signal a small contribu tion  from  the 
other globules was present. This does not affect the 
6Li m easurem ent because the 7.4% 6Li in the natural 
lithium  globules is only 1.5% of the to tal sample 
which contained abou t 80% 6Li. The 4.4% 7Li in  the 
enriched 6Li globules of sample I, however, am ount 
to 3.5% of the total sam ple and th is has to  be com­
pared to only 20% natu ra l lithium  globules. As a re­
sult of this effect, the 7Li diffusion coefficient ob­
tained from  sam ple I is about 1% too large and the 
ratio  1% too small.

Thus, the total correction  to the ra tio  is estim ated 
to  be + 2 %  in sam ple I and  + 1 %  in sam ple II. Be­
cause of the uncertain ty  of these corrections, an  ad ­
ditional e rro r  of ± 1 %  was attribu ted  to the co r­
rected values in Table 1.

Discussion

Considering the presen t state of experim ental in­
form ation and  the smallness of the isotope effects, 
fo r sim plicity and fo r physical reasons, the follow­
ing assum ptions are justified:
1) D6 , D7 and D (the m utual diffusion coefficient) 

depend linearly  on x7 ,

2) De and D 7 decrease o r rem ain constant with 
rising  x1 , and

3) D 6 — D7 does not depend on x 7 .
Bearing in m ind th a t D6(x7 = 1) = D ( x 7 = 1) and 
D - ( x6 =  1) =  D ( x6 =  1 ), a p icture as shown in  the 
lower part of Fig. 4 m ust qualitatively be correct.

Fig. 4. Isotope effects in liquid lithium at the melting point 
as measured by B a n , R a n d a l l  and M o n t g o m e r y  \  L ö w e n ­
b e r g  and L o d d i n g  2, and in this work. r\ viscosity. D, Dt , and 
D7 mutual and self-diffusion coefficients, respectively. x7 mole 
fraction of 7Li. Error margins of r\ (z7 =  l)  /t] and D/D (x7= l ) , 
as given in 1 and 2 and as resulting from this work, are in­
dicated on the left hand side of the figure. The discrepancy 

between 2 and this work is evident.

Q uantitatively, because of the result on sample III , 
(Z)6 — D7) / D ( x7 =  1) has been taken  to be 0.03 in 
this picture. Furtherm ore, in accordance with the 
result on sample II,

[D6 (xg =  1) -  D7 (x 7 =  0 .926) ] /D 7 (x7 = 1) 

has been taken to be 0 .09. In  the figure, therefore, 

[D,  (x6 = 1) -  D7 ( x 7 = 1) ] \D 7 ( x 7 =  1) =  0 .094  .

Also indicated in Fig. 4 are the experim ental re ­
sults of B a n , R a n d a l l  and M o n t g o m e r y  1 and of 
L ö w e n b e r g  and L o d d in g  2.

Our results are in accordance with classical m e­
chanics. The weak dependance of the m utual diffu­
sion coefficient on the mole fraction  parallels the
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behaviour recently observed in  gaseous H 2 — D2 7. 
O ur findings are at variance with the results of L ö-  
w e n b e r g  and L o d d in g  2, and also, indirectly, with 
those of B a n , R a n d a l l  and M o n t g o m e r y 1. For 
the explanation of the latter results large quantum  
effects have to be surm ised.

The authors wish to thank M r. R. W e iss  and Dipl.- 
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work.
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