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Diffusion of 23Na and 39K in the eutectic melt Na0.32K0.68

Adolf Feinauer* and Günter Majer†
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~Received 10 April 2001; published 4 September 2001!

The diffusivities of 23Na and39K in the eutectic melt Na0.32K0.68 have been measured by means of pulsed-
field-gradient nuclear magnetic resonance~PFG-NMR! between the melting temperature (Tm>260 K) and
640 K. A very high accuracy could be achieved without the need for corrections for systematic errors caused
by gravity-induced convections. Within the considered temperature ranges, the diffusivities of both sodium and
potassium are well represented by single Arrhenius laws. The corresponding parameters areHa589 meV and
D058.631028 m2 s21 for sodium andHa579 meV andD054.131028 m2 s21 for potassium. The ratio of
the diffusivities of sodium and potassium,DNa/DK>1.34, is discussed in terms of classical and quantum
mechanical diffusion mechanisms. The present data are analyzed together with the results of previous PFG-
NMR studies of the self-diffusion in liquid Na and in6Li/ 7Li isotopic alloys. Generally, the diffusivity
decreases with increasing average mass of the matrix atoms, which constitutes evidence for the collective
nature of diffusion in liquid alkali metals.
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I. INTRODUCTION

Reliable and accurate measurements of diffusion coe
cients in metallic melts are demanding and difficult.1 A fun-
damental experimental problem is that even a small amo
of convection may seriously interfere with the diffusivity d
terminations based on measurements of concentration
files. Strong efforts have been made to either correct syst
atic errors caused by convection or develop technique
minimize this effect~see, e.g., Shimoji and Itami,1 Gerl and
Bruson,2 and Frohberg3!.

The diffusivities measured in liquid Sn, Pb, Sb, In, and
~Refs. 3–5! under so-called microgravity conditions in spa
were significantly lower@10% in the case of liquid Zn at 82
K ~Ref. 3!# than the best values furnished by ground-ba
experiments, indicating that these were indeed perturbed
gravity-induced convection. Fortunately, there are two
perimental techniques for the determination of diffusiviti
in melts that are simpler and cheaper than microgravity
periments but should be about as insensitive against gra
induced convections as these. They are quasielastic neu
scattering1 ~QENS! and nuclear magnetic resonance us
pulsed magnetic field gradients6,7 ~PFG-NMR!. While the
QENS technique has been applied to quite a number of
uid metals~for reviews, see Refs. 1 and 8!, the application of
the PFG-NMR technique to liquid metals has so far be
restricted to Li~Refs. 9–13! and Na~Refs. 13–15!. It has
been found that the diffusivities of6Li and 7Li in 6Li/ 7Li
isotopic alloys decrease significantly with increasing7Li
concentration.12,13 This result constitutes clear evidence f
the collective nature of self-diffusion in liquid lithium. Fur
thermore, the melting-point ratio of the self-diffusivities
6Li and of 7Li, D6/D751.25, is significantly greater tha
the square root of the inverse mass ratio, (7/6)1/2>1.08, in-
dicating a quantum mechanical diffusion mechanism.12,13

It is still an open question whether the collective and no
classical nature of self-diffusion in lithium melts is a gene
feature for the diffusion in liquid metals. In order to gain ne
insights, further experimental work on the diffusion of liqu
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metals is required, in particular on the dependence ofD on
the masses of the diffusing~‘‘tracer’’ ! and matrix atoms. Ow-
ing to the lack of suitable isotopes, in no other pure me
can the mass dependence ofD be studied over such a wid
range as in lithium. The eutectic melt Na0.32K0.68, however,
is also capable of providing information on that matter. A
advantage of the Na-K system is the low melting temperat
(Tm>260 K) at the eutectic point~32 at. % Na and 68 at. %
K; see Fig. 1 and Ref. 16!. In this system the isotopes23Na
~natural abundance: 100%, nuclear spinI 53/2, and gyro-
magnetic ratiog/2p511.26 MHz/T) and 39K ~93.1 %, I
53/2, andg/2p51.99 MHz/T) are well suited for NMR
measurements. The objective of the present work was to
termine the absolute values of the diffusivities of23Na and
39K in the eutectic melt Na0.32K0.68 by means of the PFG
NMR technique with high accuracy and without the need
corrections for systematic errors. The present results
compared with the self-diffusivity in liquid sodium, whic
has been measured previously by the same technique13,15

This allows us to consider the changes in the diffusivit
with both the mass of the diffusing atoms and the aver

FIG. 1. Phase diagram of the binary sodium-potassium sys
~Ref. 16!.
©2001 The American Physical Society02-1
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mass of the matrix atoms over a range that goes far bey
that of earlier studies.

II. EXPERIMENTS

The entire preparation of the Na0.32K0.68 sample was car-
ried out in a glovebox with helium atmosphere. Bringing in
contact appropriate amounts of pure sodium and potass
in a stainless steel container initiates the melting proces
room temperature. Mechanical stirring ensured homogen
of the resulting eutectic melt. Sodium and potassium are
far less reactive than lithium so that special alkali-resist
quartz glass17 could be used as sample container at tempe
tures up to about 650 K. The eutectic melt was transferred
He-gas pressure into quartz glass capillaries. The lengt
the capillaries was 10 mm and their inside diameter w
about 300mm. A bundle of nearly 450 capillaries filled in
this way was sealed in a quartz tube of 9 mm inside diam
under helium gas.

The diffusivities of23Na and39K were measured by PFG
NMR using the two-pulse spin-echo sequence introduced
Stejskal and Tanner.7 The PFG-NMR spectrometer is
homebuilt device with phase-alternating pulse schemes
quadrature detection. A gradient coil of anti-Helmholtz ty
was mounted in the 89-mm room-temperature bore of a
perconducting magnet withB55.23 T, corresponding to
spin-precession frequencies of 59.0 MHz and 10.4 MHz
23Na and 39K, respectively. In addition to the pulsed ma
netic field gradients, which reached up to 25 T/m~corre-
sponding to a current of 60 A through the gradient coil!, a
small time-independent field gradientG0 was applied for
echo stabilization.18 Typical values for the separation of th
two rf pulsest, the duration of the gradient pulsesd, and for
the stationary background gradientG0 were in the ranges
t52.5–4.0 ms,d50.2–1.5 ms, andG050.04–0.12 T/m.
The diffusion coefficientsD were determined from the varia
tion of the spin-echo amplitude,

M ~G!5M ~0!expH 2Dg2F E
0

2tS E
0

t8
G~ t9!dt9D 2

dt8G J ,

~1!

with the amplitude of the applied field–gradient pulsesG at
constantt and d. Deviations from the rectangular shape
the gradient pulses were taken into account by measuring
time dependence of the current through the gradient coil
ing a fast 12-bit transient recorder and evaluating the dou
integral in Eq.~1! numerically.

The sample temperatures were monitored with two
PtRh thermocouples and maintained by means of a dig
PID controller combined with Ohmic heating of the samp
The temperature drift during a measurement was less
60.3%.

III. RESULTS AND DISCUSSION

Figure 2 shows the temperature dependence of the d
sivities of 23Na and 39K, DNa and DK, measured in
Na0.32K0.68 by PFG-NMR. Due to the lower NMR sensitivity
the measurements ofDK have been restricted to the temper
13430
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ture range 298–402 K, whereasDNa has been determine
between a melting temperature of about 260 K and 640 K
straightforward approach to analyze diffusion data is to fit
Arrhenius law

D5D0exp~2Ha/kBT! ~2!

to the experimental results. Within the entire temperat
ranges, the temperature dependences of bothDNa and DK

are indeed well represented by single Arrhenius laws. T
solid lines in Fig. 2 are obtained by fitting Eq.~2! to the
diffusivities. The corresponding fitting parameters are giv
in Table I together with the diffusivities at the melting tem
peratureD(Tm).

The ratio of the diffusivities of sodium and potassium
the melting point is

DNa~Tm!/DK~Tm!51.3460.05. ~3!

This ratio increases with increasing temperature, a
DNa/DK51.54 is obtained at 373 K. Using the concepts d
veloped for isotropic crystalline material, the ratioDNa/DK

5(mK /mNa)
1/2>1.30 is expected for classical ‘‘over

barrier’’ jumps of 23Na and39K.19 This relation implies that
23Na and 39K are essentially two ‘‘isotopes’’ of an alkal
metal with a unique potential curve for both types of atom
and it is further assumed that no other atoms participate
the diffusive jumps. A more adequate description of liqu
metals is based on either a model for amorphous materia
on a model employing gas concepts. For binary Na-K allo
where the situation is even more complex than in a sim
metal, only one theoretical approach to diffusion has be
reported so far: In the so-called linear trajectory approxim
tion an expression of the diffusivityDi of speciesi has been
derived as a function of the massmi and the rigid sphere
diameters i .20 For the diffusivities in Na0.30K0.70 at 373 K,
the absolute valuesDNa55.27031029 m2 s21 and DK

53.61831029 m2 s21 are calculated in Ref. 20. These da
are in surprisingly good agreement with our experimen

FIG. 2. Temperature dependence of the diffusivities of Na~open
squares! and K ~solid squares! in the eutectic melt Na0.32K0.68. The
solid lines are obtained by fitting Arrhenius expressions to the
fusion coefficients. The corresponding diffusion parameters
given in Table I.
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TABLE I. Diffusion parameters of6Li, 7Li, 23Na, and 39K in melts of alkali metals~cf. Fig. 3!. The
activation enthalpiesHa and preexponential factorsD0 are obtained by fitting Arrhenius expressions to t
diffusivities measured by PFG-NMR within the indicated temperature ranges. Estimated uncertaint
typically 63% in Ha and620% in D0.

T range D0 Ha Tm D(Tm)
Isotope Sample @K# @1029 m2 s21# @meV# @K# @1029 m2 s21#

6Li 6Li enriched 454 – 580 133 115 454 7.1
6Li0.987

7Li 0.013
7Li nat. Li 454 – 580 76 101 454 5.7

6Li0.074
7Li 0.926

23Na nat. Na 371 – 673 87 101 371 3.7
pure 23Na

23Na eutectic melt 260 – 640 86 89 260 1.6
Na0.32K0.68

39K eutectic melt 298 – 402 41 79 260 1.2a

Na0.32K0.68

aThe diffusivity of 39K at the melting temperatureTm of Na0.32K0.68 has been extrapolated from the measur
data.
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results DNa(373 K)55.431029 m2 s21 and DK(373 K)
53.531029 m2 s21 in Na0.32K0.68. Furthermore, the ratio
of the diffusivities at 373 K calculated in Ref. 20,DNa/DK

'(mKsK /mNasNa)
1/2>1.45, is only slightly smaller than th

experimental resultDNa(373 K)/DK(373 K)51.54.
The above agreement may point to a classical diffus

mechanism in liquid Na0.32K0.68, with negligible contribu-
tions from quantum diffusion. However, if diffusion in thi
system is a collective phenomenon, the masses of23Na and
39K have to be replaced byreducedmasses.19 As pointed out
below, evidence for a collective mechanism of diffusion h
indeed, been found in Na0.32K0.68. In this case, the ratio
DNa/DK expected for a classical diffusion mechanism sho
be significantly smaller than 1.45, while the experimen
data yield even a slightly higher ratio at 373 K. Thus, o
may think of quantum mechanical diffusion mechanisms
in lithium. The Na1 and K1 ions in the metallic system
Na0.32K0.68 have the same net charge but, besides the dif
ent masses, they have different numbers of filled elect
shells. Ignoring the possibility that this may also affect t
diffusivities introduces some uncertainty in the present c
sideration. This is unlike the situation in lithium, where is
topes of the same type of atom have been compared12,13

Moreover, quantum effects are expected to be less impor
for heavier atoms like sodium and potassium than
lithium. Thus, a final conclusion about the role of quantu
mechanical effects for diffusion in liquid Na0.32K0.68 requires
a quantum theory of binary metallic melts, which does to o
knowledge not yet exist.

Evidence for a collective mechanism of diffusion is o
tained by comparing the present results with the s
diffusivities in sodium13,15 and in two lithium systems with
different isotopic compositions,12,13 which have been mea
sured previously by the same technique. The data of the
ferent samples are plotted in Fig. 3 on an inverse tempera
scale normalized by the corresponding melting temperat
The solid lines in Fig. 3 represent Arrhenius laws@Eq. ~2!#
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with the fitting parameters given in Table I. As discuss
elsewhere,13,15more sophisticated models of self-diffusion
liquid metals ~e.g., random-barrier model,21 significant-
structure theory22! yield for the temperature dependence
the diffusivities at higher temperatures slight deviations fro
single Arrhenius laws. But for comparison of the data the u
of Arrhenius expressions is justified. As a general trend,
diffusivity at the melting point decreases with increasi
mass of the diffusing atoms and for identical diffusing ato
with increasing mass of the matrix atoms. The melting-po
diffusivity of sodium in Na0.32K0.68 is, for example, 1.34
times that of potassium in the same sample@cf. Eq. ~3!#, but
it is only 0.43 times the melting-point diffusivity in pure
sodium. This constitutes evidence that in liquid metals

FIG. 3. Diffusivities of 6Li, 7Li, 23Na, and 39K in melts of
alkali metals. Solid and open circles:6Li in 6Li-enriched lithium
and 7Li in natural lithium ~Refs. 12 and 13!. Crosses: self-
diffusivity in sodium~Refs. 13 and 15!. Solid and open squares: K
and Na in the eutectic melt Na0.32K0.68. The temperature scale i
normalized by the melting temperatures, and the solid lines re
sent Arrhenius laws with the parameters given in Table I.
2-3



a
on
ee
to
a

h
t

nd
he
g

9
lf

as
ob-

id
if-
he

id

. A
e-

in

ro-
tical

ADOLF FEINAUER AND GÜNTER MAJER PHYSICAL REVIEW B64 134302
general~as already proposed12,13! diffusion nearTm is a col-
lective mechanism which includes the diffusing particle
well as a substantial number of surrounding particles. A c
cise physical picture for this phenomenon has not yet b
developed but it is intuitively clear that it must be related
the correlation effects mentioned in Ref. 13 and their incre
ing importance asT approachesTm.

IV. SUMMARY AND CONCLUSIONS

The diffusivities DNa and DK of 23Na and 39K in the
eutectic melt Na0.32K0.68 have been measured with very hig
accuracy by means of pulsed-field-gradient NMR. Owing
the rather short measuring times in the range of milliseco
effects of gravity-induced convection are negligible in t
PFG-NMR experiments. Within the entire temperature ran
~260–640 K for sodium and 298–402 K for potassium! the
temperature dependence ofD follows a single Arrhenius be-
havior with an activation enthalpy of 89 meV for Na and 7
meV for K. A comparison of the present data with the se
-

ia

fre
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diffusivity in sodium13,15 indicates a collective diffusion
mechanism, which includes the diffusing particle as well
the surrounding particles. This is in accordance with the
servations in6Li/ 7Li isotopic alloys,12,13 suggesting that the
collective nature of diffusion is a general feature of liqu
alkali metals. In setting up a theoretical framework for d
fusion in liquid metals this has to be taken into account. T
ratio of the diffusivities of sodium and potassium in liqu
Na0.32K0.68 is DNa/DK51.34 at the melting point (Tm
>260 K), and it increases with increasing temperature
definitive distinction between classical and quantum m
chanical diffusion processes in liquid Na0.32K0.68 is not yet
possible and it requires a quantum theory of diffusion
binary metallic melts.
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