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Diffusion of 2*Na and 3%K in the eutectic melt N&y 3K .68
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The diffusivities of>Na and®%K in the eutectic melt Ngg K, ¢s have been measured by means of pulsed-
field-gradient nuclear magnetic resonariP&G-NMR) between the melting temperaturé =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 parameteys 8%e meV and
Dy,=8.6x10 8 m?s ! for sodium andH,=79 meV andD,=4.1x10"8 m?s ! for potassium. The ratio of
the diffusivities of sodium and potassiurDN¥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 ifLi/ ‘Li 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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[. INTRODUCTION metals is required, in particular on the dependenc® aih
the masses of the diffusin@tracer”) and matrix atoms. Ow-
Reliable and accurate measurements of diffusion coeffiing to the lack of suitable isotopes, in no other pure metal
cients in metallic melts are demanding and difficult.fun-  can the mass dependence®be studied over such a wide
damental experimental problem is that even a small amourfnge as in lithium. The eutectic melt NgK, g5, however,
of convection may seriously interfere with the diffusivity de- is also capable of providing information on that matter. An
terminations based on measurements of concentration prédvantage of the Na-K system is the low melting temperature
files. Strong efforts have been made to either correct systenfT»=260 K) at the eutectic poinB2 at. % Na and 68 at. %
atic errors caused by convection or develop techniques tK; see Fig. 1 and Ref. 26In this system the isotopeSNa
minimize this effect(see, e.g., Shimoji and ItarhiGerl and  (natural abundance: 100%, nuclear spin3/2, and gyro-
Bruson? and Frohberd. magnetic ratioy/27=11.26 MHz/T) and*K (93.1%, |
The diffusivities measured in liquid Sn, Pb, Sb, In, and Zn=3/2, and y/27w=1.99 MHz/T) are well suited for NMR
(Refs. 3—5 under so-called microgravity conditions in space measurements. The objective of the present work was to de-
were significantly lowef10% in the case of liquid Zn at 823 termine the absolute values of the diffusivities ONa and
K (Ref. 3] than the best values furnished by ground-basedK in the eutectic melt NgsKo 65 by means of the PFG-
experiments, indicating that these were indeed perturbed BYMR technique with high accuracy and without the need for
gravity-induced convection. Fortunately, there are two ex-<orrections for systematic errors. The present results are
perimental techniques for the determination of diffusivitiescompared with the self-diffusivity in liquid sodium, which
in melts that are simpler and cheaper than microgravity exhas been measured previously by the same techdidde.
periments but should be about as insensitive against gravityFhis allows us to consider the changes in the diffusivities
induced convections as these. They are quasielastic neutrgvith both the mass of the diffusing atoms and the average
scattering (QENS and nuclear magnetic resonance using
pulsed magnetic field gradiefits(PFG-NMR. While the Weight Percent Sodium
QENS technique has been applied to quite a number of lig- 0 10 20 30 40 50 60 80 100

uid metals(for reviews, see Refs. 1 and,8he application of 1200———F+—————

the PFG-NMR technique to liquid metals has so far been 100 97.8%C 1

restricted to Li(Refs. 9-13 and Na(Refs. 13—1k It has
been found that the diffusivities ofLi and “Li in ©Li/Li
isotopic alloys decrease significantly with increasifii
concentratiort?® This result constitutes clear evidence for
the collective nature of self-diffusion in liquid lithium. Fur-
thermore, the melting-point ratio of the self-diffusivities of
SLi and of “Li, D8D"=1.25, is significantly greater than '207[0() (Na)—
the square root of the inverse mass ratio, (7761.08, in- -40
dicating a quantum mechanical diffusion mechantér. B0 20 60 89 100
It is still an open question whether the collective and non- K Na
classical nature of self-diffusion in lithium melts is a general
feature for the diffusion in liquid metals. In order to gain new  FIG. 1. Phase diagram of the binary sodium-potassium system
insights, further experimental work on the diffusion of liquid (Ref. 186.
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mass of the matrix atoms over a range that goes far beyond 7 [K]
that of earlier studies. 600 500 400 350
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II. EXPERIMENTS

The entire preparation of the jgKg s Sample was car-
ried out in a glovebox with helium atmosphere. Bringing into
contact appropriate amounts of pure sodium and potassium
in a stainless steel container initiates the melting process at
room temperature. Mechanical stirring ensured homogeneity
of the resulting eutectic melt. Sodium and potassium are by
far less reactive than lithium so that special alkali-resistant
quartz glas¥ could be used as sample container at tempera- Lee e cua Low ey becas ooy
tures up to about 650 K. The eutectic melt was transferred by k= %3 1026?)/7 [K_B;]o £ =l
He-gas pressure into quartz glass capillaries. The length of
the capillaries was 10 mm and their inside diameter was FIG. 2. Temperature dependence of the diffusivities ofden
about 300 um. A bundle of nearly 450 capillaries filled in squaresand K (solid squaresin the eutectic melt NgsJKq gs. The
this way was sealed in a quartz tube of 9 mm inside diametesolid lines are obtained by fitting Arrhenius expressions to the dif-
under helium gas. fusion coefficients. The corresponding diffusion parameters are

The diffusivities 0f?*Na and®*K were measured by PFG- given in Table I.

NMR using the two-pulse spin-echo sequence introduced by

Stejskal and Tannér.The PFG-NMR spectrometer is a ture range 298—402 K, where@\? has been determined
homebuilt device with phase-alternating pulse schemes angetween a melting temperature of about 260 K and 640 K. A
quadrature detection. A gradient coil of anti-Helmholtz typestraightforward approach to analyze diffusion data is to fit an
was mounted in the 89-mm room-temperature bore of a suArrhenius law

perconducting magnet witlB=5.23 T, corresponding to

spin-precession frequencies of 59.0 MHz and 10.4 MHz for D=Dgexp(—Ha/kgT) 2

2Na and *K, respectively. In addition to the pulsed mag- , o .
netic field gradients, which reached up to 25 T(oorre- to the experimental results. Within the entire temperature

K
sponding to a current of 60 A through the gradient)cail ~ '@nges, the temperature dependences of Bthand D
small time-independent field gradie, was applied for are mdeed_wel! represented py smglel A_rrhemus laws. The
echo stabilizatior® Typical values for the separation of the S0lid linés in Fig. 2 are obtained by fitting E) to the
two rf pulsesr, the duration of the gradient pulsésand for diffusivities. The corresponding fitting parameters are given
the stationary background gradieBi, were in the ranges in Table | together with the diffusivities at the melting tem-
7=25-4.0 ms,6=0.2-1.5 ms, an@G,=0.04—0.12 T/m, PerauredD(Ty. . .
The diffusion coefficient® were determined from the varia- The ratio of the diffusivities of sodium and potassium at

tion of the spin-echo amplitude, the melting point is
27
M(G)=M(0)exp[ —DyZU (
0 This ratio increases with increasing temperature, and
(1) pMNypK=1.54 is obtained at 373 K. Using the concepts de-
with the amplitude of the applied field—gradient pulgest ~ Veloped for isotropic crystalline material, the rad'?/ D
constantr and 8. Deviations from the rectangular shape of =(Mk/Mya) =130 is %)épelgted. for classical “over-
the gradient pulses were taken into account by measuring ttgarrier” jumps of “Na and ™K. = This relation implies that
time dependence of the current through the gradient coil us="Na and =K are essentially two “isotopes” of an alkali
ing a fast 12-bit transient recorder and evaluating the doubl&etal with a unique potential curve for both types of atoms,
integral in Eq.(1) numerically. and it is further assumed that no other atoms participate in
The sample temperatures were monitored with two Ptthe diffusive jumps. A more adequate description of liquid
PtRh thermocouples and maintained by means of a digitanetals is based on either a model for amorphous materials or
PID controller combined with Ohmic heating of the sample.on & model employing gas concepts. For binary Na-K alloys,

The temperature drift during a measurement was less thaihere the situation is even more complex than in a simple
+0.3%. metal, only one theoretical approach to diffusion has been

reported so far: In the so-called linear trajectory approxima-

tion an expression of the diffusivitl)' of species has been

derived as a function of the masg and the rigid sphere
Figure 2 shows the temperature dependence of the diffudiametero; .?° For the diffusivities in Ngsd<o 7o at 373 K,

sivities of ?®Na and *K, DM® and DX, measured in the absolute valueDN=5270x10"° m?s ' and DK

Nay 3K 650y PFG-NMR. Due to the lower NMR sensitivity, =3.618<10 % m?s ! are calculated in Ref. 20. These data

the measurements & have been restricted to the tempera-are in surprisingly good agreement with our experimental

D -10° [m%™]

o 2 DNYT,)/DX(T,)=1.34+0.05. ©)
fo G(t”)dt”) dt’“

IIl. RESULTS AND DISCUSSION
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TABLE |. Diffusion parameters ofLi, ’Li, °Na, and3%K in melts of alkali metalgcf. Fig. 3. The
activation enthalpie$i, and preexponential factoi3, are obtained by fitting Arrhenius expressions to the
diffusivities measured by PFG-NMR within the indicated temperature ranges. Estimated uncertainties are
typically =3% inH, and £20% inD,.

T range Do Ha Tm D(T,)
Isotope Sample [K] [10°° m?s Y] [meV] [K] [10°° m?’s 1]
6Li 8Li enriched 454 — 580 133 115 454 7.1
6y ; 7y
Ligog7'Ligo13
L nat. Li 454 — 580 76 101 454 5.7
6y ; 7y 3
Lig.o74'Lig.g26
2Na nat. Na 371 - 673 87 101 371 3.7
pure *Na
ZNa eutectic melt 260 — 640 86 89 260 1.6
Nag 3K .68
3K eutectic melt 298 — 402 41 79 260 £2
Nag 3K 68
aThe diffusivity of %K at the melting temperatufg,, of Na, 3,K, ¢ has been extrapolated from the measured

data.

results DN(373 K)=5.4x10"° m?s ! and DX(373 K)  with the fitting parameters given in Table I. As discussed
=35x10°°% m?s ! in NaysKoes Furthermore, the ratio elsewheré®®more sophisticated models of self-diffusion in

of the diffusivities at 373 K calculated in Ref. 2DNy/DK liquid metals (e.g., random-barrier modél, significant-
~ (Mg ok /Mo NG 12=1 45, is only slightly smaller than the structure theor'i?) yield for the temperature dependence of
experimental resulbN4(373 K)/DX(373 K)=1.54. the diffusivities at higher temperatures slight deviations from

The above agreement may point to a classical diffusiorsingle Arrhenius laws. But for comparison of the data the use
mechanism in liquid NgsKoes With negligible contribu- of Arrhenius expressions is justified. As a general trend, the
tions from quantum diffusion. However, if diffusion in this diffusivity at the melting point decreases with increasing
system is a collective phenomenon, the masse¥i& and ~ Mass of the diffusing atoms and for identical diffusing atoms
3% have to be replaced heducedmasses? As pointed out with increasing mass of the matrix atoms. The melting-point
below, evidence for a collective mechanism of diffusion hasdiffusivity of sodium in Ng 3XKogg is, for example, 1.34
indeed, been found in Nakges. In this case, the ratio times that of potassium in the same sanfple Eq. (3)], but
DN9/DK expected for a classical diffusion mechanism shouldt i only 0.43 times the melting-point diffusivity in pure
be significantly smaller than 1.45, while the experimentaisodium. This constitutes evidence that in liquid metals in
data yield even a slightly higher ratio at 373 K. Thus, one
may think of quantum mechanical diffusion mechanisms as /T
in lithium. The Na* and K' ions in the metallic system 25 20 15" 1.0
Nag 3K 65 have the same net charge but, besides the differ- L B '
ent masses, they have different numbers of filled electron
shells. Ignoring the possibility that this may also affect the
diffusivities introduces some uncertainty in the present con-
sideration. This is unlike the situation in lithium, where iso-
topes of the same type of atom have been compéred.
Moreover, quantum effects are expected to be less important
for heavier atoms like sodium and potassium than for
lithium. Thus, a final conclusion about the role of quantum
mechanical effects for diffusion in liquid NaXg gg requires
a quantum theory of binary metallic melts, which does to our 1 : : ! : ! : !
knowledge not yet exist. 04 06 . 08 10

Evidence for a collective mechanism of diffusion is ob- n/T
tained by ?Ompa_rings 1t5he present results with the self- g\ 3 piffusivities of °Li, 7Li, %Na, and %% in melts of
diffusivities in S_Od'unj' >and in two lithium systems with  5aji metals. Solid and open circleéti in SLi-enriched lithium
different isotopic composition;*® which have been mea- and 7Li in natural lithium (Refs. 12 and 1B Crosses: self-
sured previously by the same technique. The data of the difyiffusivity in sodium (Refs. 13 and 15 Solid and open squares: K
ferent samples are plotted in Fig. 3 on an inverse temperatuighd Na in the eutectic melt lyaK, . The temperature scale is
scale normalized by the corresponding melting temperaturéiormalized by the melting temperatures, and the solid lines repre-
The solid lines in Fig. 3 represent Arrhenius lajf=y. (2)]  sent Arrhenius laws with the parameters given in Table I.

D -10° [m?%™]
N

134302-3



ADOLF FEINAUER AND GUNTER MAJER PHYSICAL REVIEW B64 134302

general(as already proposé"dl:b diffusion nearT,, is a col- diffusivity in sodiumt®*® indicates a collective diffusion
lective mechanism which includes the diffusing particle asmechanism, which includes the diffusing particle as well as
well as a substantial number of surrounding particles. A conthe surrounding particles. This is in accordance with the ob-
cise physical picture for this phenomenon has not yet beefervations in°Li/ ‘Li isotopic alloys}**®suggesting that the
developed but it is intuitively clear that it must be related tocollective nature of diffusion is a general feature of liquid
the correlation effects mentioned in Ref. 13 and their increasalkali metals. In setting up a theoretical framework for dif-

ing importance ag approached ,,. fusion in liquid metals this has to be taken into account. The
ratio of the diffusivities of sodium and potassium in liquid
IV. SUMMARY AND CONCLUSIONS Nag 3 Kpes IS DN9YDK=1.34 at the melting point T,

- \ « ’ o - =260 K), and it increases with increasing temperature. A
The diffusivities D % and D" of “Na and Kin the  definitive distinction between classical and quantum me-
eutectic melt Ngs Ko gs have been measured with very high chanical diffusion processes in liquid NgKg ¢g is not yet

accuracy by means of pulsed-field-gradient NMR. Owing topossible and it requires a quantum theory of diffusion in
the rather short measuring times in the range of millisecondpinary metallic melts.

effects of gravity-induced convection are negligible in the
PFG-NMR experiments. Within the entire temperature range
(260-640 K for sodium and 298—-402 K for potass)uime
temperature dependence @ffollows a single Arrhenius be- The authors are grateful to Professor W. Frank and Pro-
havior with an activation enthalpy of 89 meV for Na and 79 fessor A. Seeger for valuable discussions on the theoretical
meV for K. A comparison of the present data with the self-aspects of this work.
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