
Gewicht fällt einiges für sich, andererseits ermög-
licht die B 1-Korrelation eine Anpassung der Rumpf -
elektronen an die äußere Korrelation zu einer B 2-
Gesamtkorrelation. — 

Die Deutung des „anomalen" Kristallgitters des 
Zinks ist seit der Strukturbestimmung von H u l l und 
D a v e y 1 9 versucht worden an Hand mannigfacher 
Argumente : Elliptische Gestalt der A t o m e 2 0 , ( 8 - A ) -
Regel , d. h. homöopolare Bindungskräfte 2 1 , B r i l -

louin -Zoneneinfluß2 2 , Einfluß eines nur v o m Volu-
men abhängigen Energiebetrags2 3 . Der vorliegende 
Deutungsversuch unterscheidet sich von diesen frü-
heren durch seine zwanglose Anwendung auf eine 
größere Zahl von Strukturklassen. Beispielsweise er-
gibt sich die Struktur des Hg ziemlich zwanglos aus 

19 A. W. HULL u. W. P. DAVEY, Phys. Rev. 1 7 , 2 6 6 , 549, 571 
[1921], 

2 0 A . WESTGREN u. A . ALMIN, Z . Phys. Chem. B 5 , 1 4 [ 1 9 2 9 ] . 
2 1 W . HUME-ROTHERY, The Structure of Metals and Alloys, 

Inst, of Met., London 1936. 

der Tatsache, daß das Hg-Atom mehr als zwei Elek-
tronen je A t o m beisteuert, was aus seinem Verhalten 
in verschiedenen Legierungen erschlossen werden 
kann. Außerdem ergibt die Ortskorrelationsdeutung 
von vornherein eine bestimmtere Erwartung für 
Achsverhältnis und Stapelfolge. Andere Einflüsse, 
wie z. B. die BRiLLOuiN-Zonenauswirkungen, sollen 
durch das vorl iegende Argument natürlich nicht ver-
drängt, sondern lediglich ergänzt werden. 

Die vorl iegende Überlegung hat ferner den Vor -
teil, daß sie nicht viele spezielle Voraussetzungen 
benötigt. Man kann sie daher auf andere Struktur-
gruppen übertragen, für die man einen Ortskorrela-
tionsvorschlag besitzt, und damit den Vorschlag 
prüfen. 

22 H.JONES, Proc . Roy . Soc. , Lond . A 147, 396 [1934] . 
2 3 F . R. N . NABARRO u. J. H . O . VARLEY, Proc. Cambr. Phil. 

S o c . 4 8 , 3 1 6 [ 1 9 5 2 ] , 

Magnetic Susceptibility of Alkali Elements 
Part I : S o d i u m and P o t a s s i u m 

B y K . V e n k a t e s w a r l u a n d S . S r i r a m a n 

Department of Physics; Annamalai University, Annamalainagar, South India 
(z. Naturforschg. 13 a, 451—455 [1958] ; eingegangen am 7. November 1957) 

A vacuum CURIE balance was specially designed for the study of magnetic susceptibilities at 
higher temperatures. With this apparatus the magnetic study of sodium and potassium was made 
at different temperatures ranging from 32° to 250 °C. Special attention has been paid to the pre-
paration of the specimen. Corrections for all possible errors have been made. The results point out 
that the susceptibilities of the metals increase with temperature both below and above their melting 
points. The temperature coefficients of the susceptibility of valence electrons of the two metals are 
in general agreement with STONER'S theory. 

The study of the magnetic susceptibility of the 
alkali metals has assumed great interest in recent 
years because of the theoretical importance attached 
to such measurements f r o m the point of view of the 
weak spin paramagnetism of the conduction elec-
trons in the metals. 

The gram atomic susceptibility of a metal is given 
BY XA= ( & 0 i + ( * A ) e where and ( ^ A ) e are 
the susceptibilities of the quasi-independent metallic 
ion and of the free electrons. For systems with 
spherically symmetrical charge distributions L a n g e -

vin 1 obtained an expression 

1 P. LANGEVIN, Ann. Chim. Phys. 5, 70 [1905]. 
2 L. PAULING, Proc. Roy. Soc., Lond. A. 1 1 4 , 181 [1927]. 
3 D . R. HARTREE, Proc. Cambr. Phil. Soc. 2 4 , 89 and 111 

[1928]. 

x\= -  e 2 L ^ Y r -6 m c 2 j 

where 2 r2 is the sum of the mean square radii for 
N 

each of the extra nuclear electrons. With the intro-
duction of quantum mechanics different methods of 
calculating 2 r2 have been suggested. P a u l i n g 2 was 

N 

the first to compute this value. H a r t r e e 3 and S t o -

n e r 4 made use of the distribution of electron density 
in a spherically symmetrical atom or ion. S l a t e r 5 

gave rules f o r the calculation of r2 f or each electron. 

4 E. C. STONER, Proc. Leeds Phil. Soc. 1, 484 [1929], 
5 J. C. SLATER, Phys. Rev. 36, 57 [1930], 
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B r i n d l e y 6 calculated the susceptibility of various 
ions making use of the S l a t e r ' s method. A n g u s ' 

modified S l a t e r s computations by treating the s 
and p electrons as separate groups. 

P a u l i and F r e n k e l 8 applied F e r m i - D i r a c statis-
tics to the electron gas in a metal in a completely 
degenerate state for the evaluation of (X\)e • P a u l i 8 

has deduced the formula k0 = 2 . 2 0 9 • 1 ( T 4 n'3 for 
the volume susceptibility of the alkali elements near 
absolute zero, n being the number of metal atoms 
per unit volume. He has shown that the alkali metals 
should all be paramagnetic and that variation of 
susceptibility with temperature in those elements 
should be negligible. B l o c h 9 and L a n d a u 10 have 
obtained expressions for the gram atomic suscepti-
bility for free electrons. More recently S a m p s o n and 
S e i t z 11 computed the magnetic susceptibility of 
lithium and sodium. Their treatment was later modi-
fied by M a r c h and D o n o v a n 1 2 . 

A number of recent developments has renewed 
the interest in the susceptibility of sodium metal, 
particularly concerning the determination of the 
three component susceptibilities, namely, the dia-
magnetism of core electrons, the paramagnetism 
due to the spin of the conduction electrons and the 
diamagnetism due to the orbital motion of the con-
duction electrons. An experimental technique 13 has 
been developed for measuring the spin contribution 
directly. P i n e s 1 4 , T o w n e s , H e r r i n g and K n i g h t 1 o 

and K o h n and K j e l d a a s 16 have evaluated the spin 
contribution. With the value of the ion core suscep-
tibility and these recent values f o r the spin contribu-
tion an estimation of the orbital contribution can 
be obtained if the total static susceptibility is re-
liably known. S u c k s m i t h 17 and R a o and S a v i t r i 1 8 

have recorded an increase in the magnetic suscepti-
bility of the alkali metals with temperature both in 
the solid and liquid states. But o thers 1 9 did not 
observe any change in susceptibility f r o m liquid air 
temperature up to near the melting point of the 
metals. A scrutiny of Table 1 shows that the X values 

8 G. W. BRINDLEY, Phil. Mag. 1 1 , 786 [1931]. 
7 W. R.ANGUS, Proc. Roy Soc., Lond. A 136. 569 [1932], 
8 W. PAULI, Z. Phys. 41, 81 and 100 [1927] . 
9 F.BLOCH, Z. Phys. 61. 545 [1929] . 

1 0 L . LANDAU, Z. Phys. 6 4 . 629 [1930], 
11 J. B. SAMPSON and F. SEITZ, Phys. Rev. 58, 633 [1940]. 
12 N. H . MARCH and B . DONOVAN, Proc. Phys. Soc., Lond. A 

67. 464 [1954], 
R. T. SCHUMACHER. T. R. CARVER and C . P. SLICIITER, Phvs. 
Rev. 95. 1089 [1954], 

obtained by various authors differ considerably f rom 
one another. Hence a careful reinvestigation of the 
magnetic susceptibility of alkali metals was con-
sidered necessary and has been taken up in this 
investigation. 

1. Experimental 

a) Preparation of the metal 

For magnetic investigation a small quantity of the 
pure metal has to be taken in a small bulb. For this 
a pyrex tube of about 8 mm diameter was blown to the 
shape ABCD (Fig. 1). This was first cleaned and dried 
and then filled with petroleum ether and kept immersed 
in a troug containing petroleum. A small piece of 

A.R. sodium was cut by a sharp knife from the inner 
core of the sodium bar in the medium of petroleum and 
introduced into the bulb B. The tube was drained and 
quickly connected to a high vacuum pumpset by a short 
rubber tube and the tube was evacuated. When the 
pressure is of the order of 1 0 - 4 mm of mercury the 
tube was gently heated and then the sodium was melted 
by carefully heating the bulb B. After allowing some 
time for the removal of occluded gases the tube was 
isolated from the pump by a stop cock. A gentle hori-
zontal jerk enabled the molten sodium to flow through 
the constrictions free of any oxide coat. By careful 
manipulation the small bulb B, about 3 mm diameter, 
was filled with sodium in a pure state with silvery me-
tallic lustre. The bulb was then sealed off at the point C 
and the sealed end was drawn in the form of a hook. 

The same process could be adopted for potassium. 
But as its boiling point is low at low pressure the metal 
was distilled. Under high vacuum, the portion AB of 
the tube was kept warm and the metal B was heated 
carefully by a thin flame. The metal vapour condensed 
on to the cold sides of the tube at E as a mirror coat. 
When sufficient amount was thus condensed the portion 

14 D. PINES, Phys. Rev. 95, 1090 [1954] , 
1 5 C . H . TOWNES, C . HERRING and W . D . KNIGHT. Phys. Rev. 7 7 , 

852 [1950]. 
1 0 W . KOHN and T . KJELDAAS, Phys. Rev. 99 A. 622 [1955]. 
17 W. SUCKSMITH, Phil. Mag. 2. 21 [1926], 
1 8 S . R . R A O and K . SAVITRI, Proc. Indian. Acad. Sei. 1 6 A , 

207 [1942]. 
19 J. C . MCLENNAN, R . RUEDY and E. COHEN. Proc. Roy. Soc., 

Lond. A 116. 468 [1927], 



E was warmed to melt the metal coat and this was 
pushed into the bulb D. 

b) Determination of magnetic susceptibility 

The magnetic susceptibilities were determined by 
the C u r i e retorsion method using a large P y e elec-
tromagnet for different field strengths. Thrice distil-
led A .R . benzene was used as the standard substance 
whose susceptibility was taken to be — 0 . 7 0 2 • 1 0 " ° . 
The specific susceptibility is given by the usual ex-
pression 

ds _ ms "/.a — v\ 
dß »iß^B — Ha. Vi ' 

This involves a correction for the displaced air. 
When the study is extended to higher temperatures 
convection currents set up and will considerably 
affect the deflections. In order to avoid such dis-
turbances due to convection a vacuum C u r i e balance 
was used. A schematic arrangement of the appa-
ratus is shown in Fig. 2. All the tubes, except the 

Fig. 2 . Vacuum CURIE balance. 

glass tube RS, are made of brass. The pole faces 
were covered by double walled copper metal caps 
through which cold water was kept circulating when 
temperature work was in progress. This arrange-
ment was almost completely free f rom convection 
currents and was found to give steady and reprodu-
cible readings of the spot of light. It is an additio-
nal advantage of this arrangement, that the correc-

tion for the susceptibility of air becomes zero and 
the calculations become simpler. The temperature 
was measured by a thermocouple which was pre-
viously calibrated by a preliminary experiment. 

c) Correction for ferromagnetic impurities 

For each specimen bulb the specific susceptibilities 
are found at different field strengths corresponding 
to field currents 3, 4 , 5, 6 , and 7 amps. Accord ing 
to H o n d a 2 0 /I = X P + (° m)/H , where and / „ refer 
to impure and pure substance. At infinite field 
strength = . Thus by plotting the values of 
against \ /H the value of / p was found by extra-
polation. 

2. Results 

The field strength for the different field currents 
used varied f rom 2 .64 to 4 . 2 0 K.Gauss. The suscep-
tibility values for eleven sodium bulbs and for nine 
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Fig. 3. Plot of % against 1 /H for Na and K. 

potassium bulbs were determined at r o o m tempera-
ture f o r five field currents. Fig. 3 shows the plot 
of ^ against 1/H for all the bulbs. The extrapolated 
value f o r pure sodium is 0 . 6 0 0 and that for pure 
potassium is 0 .460 . 

In Table 1 are given the values of Xs f ° r the two 
alkali elements so far obtained by different authors. 

20 K. HONDA. Ann. Phys., Lpz. 32. 1027 [1910] . 



Author Zs 
Sodium Potassium 

Experimental 
H o n d a 2 0 0 . 5 1 0 . 4 0 
O w e n 2 1 0 . 5 0 0 . 6 3 

0 . 5 8 
B e r n i n i 2 6 1 1 0 . 5 4 0 . 6 3 
S u c k s m i t h 1 7 0 . 5 9 0 . 5 1 
M c L e n n a n , R u e d y a n d 
C o h e n 1 9 0 . 5 9 0 . 4 5 
L a n e 2 2 . 2 3 0 . 6 5 0 . 6 4 
R a o a n d A r a v a m u d a c h a r i 2 4 0 . 6 0 0 . 5 2 
K l e m m a n d H a u s c h u l z 2 5 0 . 6 6 4 0 . 5 3 2 
B o w e r s 2 6 0 . 7 0 
Present investignation 0 . 6 0 0 0 . 4 6 0 

Theoretical 
S a m p s o n a n d S e i t z 1 1 0 . 7 0 0 
B i t t e r 2 6 1 ' 0 . 2 1 0 0 . 1 5 
B o v v e r s 2 6 0 . 2 2 

0 . 4 0 
Pauli8 (calculated) 0 . 6 8 0 . 5 9 

Table 1. y* values of two elements obtained by different 
authors. 

a) Temperature variation 

Four sodium bulbs and two potassium bulbs were 
studied at different temperatures f r o m 30 to 2 5 0 °C . 
When the temperature is constant, the space inside 
is fully evacuated when the spot of light is found 
to be perfectly steady, even at the highest tempera-
tures used. The temperatures were measured using 
a thermocouple to an accuracy of about 5 ° C . For 
each specimen and at each temperature %s was found 
at different field currents and the corrected values 
were found by extrapolating the graphs between y* 
and l / H . In Tables 2 and 3 are given the corrected 

Temp. ys of Na (extrapolated) 
° C Bulb 3 Bulb 5 Bulb 7 Bulb 10 Mean 

3 0 0 . 6 0 0 0 . 6 0 0 0 . 6 0 0 0 . 6 0 0 0 . 6 0 0 
6 5 0 . 6 0 6 0 . 6 0 3 0 . 6 0 4 0 . 6 0 4 0 . 6 0 4 
9 5 0 . 6 0 6 0 . 6 0 5 0 . 6 0 5 0 . 6 0 5 0 . 6 0 5 

1 1 0 0 . 6 0 1 0 . 6 0 0 0 . 6 0 0 0 . 6 0 0 0 . 6 0 0 
1 5 0 0 . 6 1 2 0 . 6 1 0 0 . 6 1 2 0 . 6 1 2 0 . 6 1 2 
1 9 0 0 . 6 1 5 0 . 6 1 5 0 . 6 1 3 0 . 6 1 5 0 . 6 1 5 
2 5 0 0 . 6 2 0 0 . 6 2 0 0 . 6 2 0 0 . 6 2 0 0 . 6 2 0 

Table 2. of sodium at different temperatures. 

2 1 M . OWEN, A n n . P h y s . , L p z . 3 7 , 6 5 7 [ 1 9 1 2 ] , 
22 C.T.LANE, Proc. Roy . Soc. , Canada 111, 117 [1928]. 
2 3 C . T . LANE, P h i l . M a g . 8 . 3 5 4 [ 1 9 2 9 ] , 
24 S. R . RAO and S. ARAVAMUDACHARI. Proc. Indian Acad. Sei. 

9 A , 1 9 6 [ 1 9 3 9 ] , 
23 W. KLEMM and HAUSCHULZ, Z. Electrochem. 4 5 , 3 4 6 [ 1 9 3 9 ] . 
20 R. BOWERS, Phys. Rev. 1 0 0 . 1 1 4 1 [ 1 9 5 5 ] . 

values of the specific susceptibilities for sod ium and 
potassium at different temperatures. 

Temp. 
° C 

ys of K (extrapolated) Temp. 
° C Bulb 8 Bulb 9 Mean 

3 0 0 . 4 6 0 0 . 4 6 0 0 . 4 6 0 
5 0 0 . 4 6 5 0 . 4 6 8 0 . 4 6 7 
6 0 0 . 4 5 5 0 . 4 5 8 0 . 4 5 7 

1 0 0 0 . 4 5 8 0 . 4 5 9 0 . 4 5 9 
1 3 0 0 . 4 6 0 0 . 4 6 1 0 . 4 6 1 
1 6 0 0 . 4 6 2 0 . 4 6 2 0 . 4 6 2 
1 9 0 0 . 4 6 3 0 . 4 6 4 0 . 4 6 4 
2 2 0 0 . 4 6 5 0 . 4 6 5 0 . 4 6 5 
2 5 0 0 . 4 6 6 0 . 4 6 7 0 . 4 6 7 

Table 3. ys of potassium at different temperatures. 

3. Discussion 

The atomic weights of sodium and potassium are 
22 .99 and 39 .09 respectively and their gram atomic 
susceptibilities work out to be 13.79 and 17 .98 . The 
ionic susceptibilities suggested by T r e w 2 7 as the 
most probable values for Na+ and K+ are — 6 .8 and 
— 14.9. Hence the contribution to the susceptibility 
of a gram atom of sodium by the valence electron 
is 20 .59 and for potassium the value is 3 2 . 8 8 at 
room temperature. Accord ing to L a n d a u 10 the gram 
atomic susceptibility (X\)e of the free electrons in 
a gram atom of the metal is given by the expression 
(ZA)C = 3 2 - 11 {q/V0) • 10~° where q is the number 
of free electrons per atom and V0 the width in volts 
of the energy band occupied by the electrons in the 
completely degenerate state. From this expression, 
the value of V0 can be calculated. In Table 4 are 
given the values of V0 thus calculated. 

The last two columns indicate a narrowing of the 
energy band of the collective electrons as suggested 
b y S t o n e r 2 8 . 

The nature of the variation of the susceptibility 
of these two elements with temperature is in agree-
ment with the observation of S u c k s m i t h 1 7 . In the 
case of potassium the variation of with tempera-
ture is small compared to the variations obtained in 
the case of sodium and rubidium 29 . The variation 
of the susceptibility of the alkali metals has been 

26A A. BERNINI, Phys. Z. 6, 1 0 9 [ 1 9 0 5 ] . 
26B P . BITTER, Phys. Rev. 36, 9 8 0 [ 1 9 3 0 ] , 
27 V. C. G. TREW, Trans. Faraday Soc. 37, 476 [1947]. 
28 E. C. STONER, Magnetism and Matter, Methuen, London 

1 9 3 4 , p. 5 1 0 . 
29 K. VENKATESWARLU and S. SRIRAMAN, J. Sei. Industr. Res. 

14B, 611 [1955]. 



Element Za (Z.Oion (ZA)e V0 
Calculated energy 

bandwidth in volts21 

Sodium 
Potassium 

13.79 
17.98 

- 6.8 
— 14.9 

20.59 
32.88 

1.56 
0.98 

3.15 
2.04 

Table 4. (7a)o and V0 for the two elements. 

Element 
Temp, range 

°C (*A)e ^ (*A)e 
A (*A)e 

(*A)e ^ T 

2 
<> « V 
6 

Na 110 -250 20.59 0.47 1.60 x 10-4 1.80 X 10-4 

K 100-250 32,85 0.31 0.62 X 10"4 1.90 x 10-4 

Table 5. Temperature coefficient of ( /\ )e • 

theoretically discussed by S t o n e r 3 0 on the basis that 
f o r these metals the conditions approach closely 
those for which the free electron calculations should 
apply. He has shown that the temperature coefficient 
of the paramagnetic contribution of the free electron 
is nearly equal to two thirds the coefficient of 
cubical expansion. 

l(ZA)c 2 7 

(XA)eÄT 3 

From the values recorded in the previous tables the 
temperature coeff icient of (X\)e f ° r the two metals 
in the l iquid state are calculated and given in Table 5. 

The values in Ihe last co lumn are taken f rom 
S t o n e r 3 0 . It could be seen that the values in the last 
two columns are in g o o d agreement in so far as the 
order of the value is concerned, thus lending sup-
port to S t o n e r ' s theory. 
30 E. C . STONER, Proc. Roy. Soc., Lond. A 152, 672 [ 1 9 3 5 ] . 

Magnetic Susceptibility of Alkali Elements 
Part II: Liquid Alloys of Sodium and Potassium 
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Department of Physics; Annamalai University, Annamalainagar, South India 
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Alloys of sodium and potassium were prepared in vacuum in a specially blown pyrex glass appa-
ratus. Several bulbs containing these alloys of different compositions have been studied at tempera 
tures ranging from 30 ° to 250 °C. The compositions of these alloys have been determined by gravi-
metric method. The results show that for the alloys of all compositions the additivity law is obeyed 
both at room temperature and at higher temperatures. No evidence for the formation of the com-
pound Na2K could be detected from the magnetic study. 

Sodium and potassium are known to f o rm a series 
of alloys which are mostly liquid at ordinary tem-
peratures. The studies on the heats of formation 
melting point determinations 6 - 9 and viscosity meas-
urements 1 0 - 1 1 o f these alloys have all pointed to the 

1 A. JOANNIS, Ann. Chim. Phys. 1 2 , 358 [1887], 
2 B . BÖHM and W. KLEMM, Z. Anorg. Chem. 243, 69 [1939], 
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5812 [1951], 
3 T . HEUMANN, Z. Metallkunde 42. 182 [1951]. 
6 K . S. KURNAKOFF and N. A. PUSCHIN, Z. Anorg. Chem. 30. 

109 [1902]. 

conclusion that a c o m p o u n d represented by the for -
mula Na 2 K is f ormed. K u r n a k o f f and P u s h i n 6 have 
further suggested that the composit ion correspond-
ing to the formula NaK represents an eutectic. 

X - ray studies of these alloys were made by some 

7 G. VAN BLEISWYK, Z. Anorg. Chem. 7 4 , 152 [1912]. 
8 E. RINCK, C. R. Acad. Sei., Paris 197, 49 and 1404 [1933]; 

199, 1217 [1934]. 
9 C. GORIA, Gazz. Chim. Ital. 65, 865 and 1226 [1935]. 

10 R. KREMANN, M . PESTIMER and H . SCHREINER, Ree. Trav. 
Chim. 51, 557 [1932], 

11 C. T. EWING, J . A. GRAND and R. R. M ILLER, J . Amer. Chem. 
Soc. 73, 1168 [1951], 


