
Chemistry. - The Exact Measurement of the Specific Heats of Solid 
Metals at High Temperatures: XXIX. Specific Heats, Electrical 
Resistance, Thermoelectrical Behaviour and Thermal Expansion of 
Neodymium in Connection with its Allotropie Changes. By F. M. 
JAEGER, J. A. BOTTEMA and E . ROSENBOHM. 

(Communicated at the meeting of January 29, 1938.) 

§ 1. In the present paper we communicate the results of our studies 
of the behaviour of metallie neodymium at various temperatures between 
2000 and 750 0 C. with respect to its specific heats, its thermal dilatation 
and its electrical and thermoelectrieal properties. They undoubtedly prove 
that also in the case of this rare-earth metaI. - like in that of cerium 1), 
lanthanum 2). and didymium 3). - a series of successive allotropie changes 
occur, whieh have a reversible character (enantiotropism), but, according 
to the circumstances of the experiment, are accompanied by less or more 
distinct retardation-phenomena. 

We had at our disposal a beautiful sample of massive neodymium 
(99,5 % Nd, traces of Fe, Si and Al) in the form of a lustrous bar, from 
which the lumps required in the different experiments were carefully 
prepared. 

I. Discontinuities in the Heat-capacity-Temperature-Curves observed 
by means of the Differential M ethod 4). 

In these experiments the change of the heat-capacity of neodymium 
with the temperature was immediately compared with that of copper in 
vacua, according to SALADIN-LE CHATELlER's differential methad. The 
curves thus obtained on heating and on cooling are reproduced in Fig. IA 
(4000 -6000 c.) and in Fig. lB (drawn on another scale; between 5000 

and 7500 c.); they show the following pecularities: a weIl marked 

1) F. M. JAEGER and E. ROSENBOHM, Proc. Royal Netherlands Acad. Amsterdam, 
37,489 (1934); 39,912 (1936). 

2) F. M. JAEGER, J. A . BOTTEMA and E. ROSENBOHM, Proc. Royal Netherlands Acad. 
Amsterdam, 39, 921 (1936). 

3) F . M. JAEGER, J. A. BOTTEMA and E. ROSENBOHM, Proc. Royal Netherlands Acad. 
Amsterdam, 40, 481 (1937). 

As neodymium has a transformation-point at _164 0 G, above which ten.perature the 
hexagonal form is the stabie one, the latter has been indlcated as the p-modiflcation and 
the subsequent cubic form as the r-modification. Above 712 0 C. there still appears a 
fourth t5-form, just as in the case of cerium and lanthanum. 

4) E. ROSENBOHM and F. M. JAEGER, Proc. Royal Netherlands Acad. Amsterdam, 
39, 366 (1936) . 
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discontinuity at about 5080 C. as the manifestation of a sudden change. 
accomplished at about 5200

; as usually .on cooling. it appears to be shifted 
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Fig. IA. Fig. IB. 
Fi9. I. Heat-capacity Curves of Neodymium bet ween 4000 and 750 0 C. 

in comparison with Copper. 

towards a somewhat lower temperature of about 450 0 C. A slight 
discontinuity then is observed at about 5750 c.; subsequently. a rather 
distinct effect is observed at 640°-6700 C. and then astrong and very 
marked discontinuity sets in at 694 0 C. and evidently is accomplished at 
about 712 0 -7200 c.: on cooling this latter effect proves to be displaced 
to 670-6800 C. From these facts. - which afterwards will be compared 
with those observed in applying other methods of measurement. - it 
becomes clear that the principal changes of the metal occur in a 
temperature-interval ranging from about 5100 to 720 0 C. or 5200 to 71 00 C. 

§ 2. 11. Calorimetrical Behaviour bet ween 3000 and 620 0 C. 
The determinations of the mean specific heats of neodymium were 

performed with a lump of the metal weighing about 17 grammes and 
enclosed in a vacuum platinum crucible of the usual shape; they were made 
with the aid of the metal block calorimeter under application of all 
necessary precautions. The data obtained are collected in Table I. 

The results are graphically represented in Fig. 2. in which the part of 
the curve between 420 0 and 5300 C. is simultaneously repeated on a larger 
scale. sa as to facilitate the comparison of the data subsequently obtained 
within this remarkable hysteresis-interval. 

As to the measurements mentioned in Table I. the foIIowing remarks 
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TABEL J. 
Mean Speelfic Heats ëp of Neodymium between 6300 and 3000 C. 

Quantity of Time r in Minu-
Series- Pinal tempe- Heat Q deve- Mean speclflc tes in which the 

Number Temperature rature t' of loped between Heat ëp be- Maximum Tem-
of the t in ° Cent.: the Calori- tO and t' by tweentOand perature of the 

Measurement meter: I Gr. of the in Calories : Calorimeter is 
Metal reached: 

in Calories : 

° ° 1 ~.91 21.50 22.91 0.06046 5 

2 110.40 21.07 25.67 0.06123 5 
(heated at 

508°) 

3 551.20 21.00 32.96 0.06216 10 

i 162.10 20.90 26.81 0.06077 10 

5 (heated at - - - -
600° for 21 
hours and at 
725° for 1 

hour) 

6 101.06 20.90 21.87 0.05752 i 

7 110.81 20.79 21.57 0.05850 i 

8 182.00 20.90 27.00 0.05856 5 

9 196.60 20.80 27.99 0.05882 20 

10 126.01 - - - 15 

11 126.90 - - - 15 
(heated at 

780° during 
1 hour) 

12 302.30 20.80 15.12 0.05177 21 

13 351. 50 20.70 18.55 0.05608 21 

11 100.52 20.65 21.87 0.05757 21 

15 126.30 20.70 23.55 0.05805 3 

16 111.80 20.90 21.76 0.05811 3 

17 156.20 20.80 25.13 0.05811 3 

18 - - - - -
19 177 .30 20.80 26.70 0.05819 3 

" 

20 188.60 20.80 27.16 0.05870 7 

21 195.70 21.00 27.83 0.05863 7 
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TABLE I. (Continueel). 

Mean Specific Heats êp of Neodymium between 6300 and 3000 C. 

Quantitaty of Time T. in Minu-
Series- Final tempe- Heat Q deve- Mean specific tes in which the 

Number Temperature rature t' of loped between Heat ëp be- Maximum Tem-
of the t in 0 Cent·: the Calori- tO and ti by tween t O and ti perature of the 

Measurement meter ; I Gr. of the in Calories : Calorimeter is 
Metal 

I reached: 
In Calories : 

° 0 I 
22 505.80 20 .90 28.60 I 0.05899 8 

23 508.35 20.83 28.11 0.05827 8 

21 510.83 20.83 28.78 0.05871 7 

25 509.00 21.20 28.50 0.05843 7 

26 515.31 21.00 29.03 0.05873 7 

27 526.00 20.90 29.51 0.05819 8 

28 512.90 20.85 28.92 0.05878 8 

29 550.10 21.00 31.10 I 0.05930 7 

30 510.30 20 .90 I 30.67 I 0.05901 7 I 
I 

31 532.60 20.90 30.21 I 0.05901 7 

32 527.90 20.90 30.04 I 0.05925 7 
t I 33 380 . 10 20 . 70 20.31 0.05651 7 

I 
31 425.90 20.90 23.13 0.05712 7 

I 35 508.35 20.83 28.68 0.05882 7 

36 601.00 20.90 35.18 0.06065 6 

37 425 .60 20.80 23 .48 0.05800 7 

38 508.35 20.60 28.53 0.05819 7 
I 

39 508 .40 20.70 28.72 I 

I 
0.05888 7 

10 601.00 20.90 35.06 0.060 .... 6 

11 165.80 21.20 26.11 0.05880 8 

12 608.20 21.00 35.86 0.06106 6 

13 177.30 20.90 26.79 0.05870 8 

.... 580.15 20.99 33.73 0.06031 7 

15 550.30 21.00 31. 52 0.05951 7 

16 530.86 20.92 30.17 0.05917 7 

I 
17 520.57 20.63 21.91 0.05828 7 

48 525.80 20.80 29.81 0 .05909 7 
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TABLE I. (Contmued). 

Mean Speciflc Heats Cp of Neodymium between between 6300 and 3000 C. 

Series
Number 
of the 

Measurement 

19 

50 

51 

52 

53 

54 

55 

56 

57 

5& 

59 

60 

61 

62 

63 

61 

65 

66 

67 

68 

69 

Temperature 
tin 0 Cent. : 

o 
520.57 

515.35 

510 .55 

508 .35 

505.30 

500.70 

493.15 

471.20 

465.75 

175.90 

176.30 

186.60 

495 .90 

HO.6O 

HO.30 

121.80 

HO.70 

456.35 

325.80 

380 . 15 

560.80 

Pinal tempe
rature t' of 
the Calori-

meter: 

o 
20.83 

20.83 

20 .83 

20.97 

20.90 

20.80 

20.81 

20.90 

20.85 

20 .80 

20.74 

20.80 

20.80 

20.70 

20.80 

20 70 

20.70 

20.73 

20.60 

20.59 

20.80 

Quantity of Time t in Minu-
Heat Q deve- Mean speciflc tes in whlch the 
loped between - . T Heat Cp be- MaxImum em
tO and ti by tween t O and t' perature of the 
I Gr. of the in Calories : Calorimeter is 

Metal reached : 
in Calories : I 

29.53 . 

29.17 

28 .88 

28.75 

28.57 

28.23 

27.73 

26.12 

25.65 

26.21 

26 .28 

26.99 

27.67 

24.25 

21.34 

23.01 

21.24 

25.20 

16.63 

20.19 

31.99 

0.05909 

0.05898 

0.05897 

0 .05900 

0.05897 

0.05881 

0.05872 

0.05800 

0.05766 

0.05766 

0.05770 

0.05795 

0.05823 

0.05775 

0.05802 

0.05745 

0.05771 

0.05784 

0.05H8 

0.05615 

0.05921 

9 

9 

7 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 
1-----'------'------ - --'-- - - --'- - - ---'---- - -

") The measurements were not continueel above 620 0 c., because of the 
danger of the platinum crucible being attacked by the hot metal investigated. 

The massive block of pure neodymium (99.5 %) weighed 17.7416 grammes; 
the vacuum platinum crucible used 28.0237 grammes; after measurement 5 the 
weight of the neodymium af ter heating in vacuo was 17.4380 grammes; after 
experiment 11, it finally was 16.4740 grammes end with the latter quantity all 
subsequent experiments were made. 

The heatings of the metal at 6000 _725 0 C. (N°. 5) and at 780 0 C. (NO. 11) 
were performed in a vacuum, the neodymium being surrounded with pure 
neodymium-oxide, because the metal attacks silicates at 600 0 C. and higher, under 
reduction of the latter. 



125 

can be made. Originally (N0. land 2) the time 7: proved to be normal 
(5 minutes). but the values of Cp proved to be much too high. - evidently 
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Fig. 2. The mesn Specific Heats of Neodymium between 300· and 625· 
Centigrade. 

because the metal was not yet sufficiently stabilized. On heating it at 
508 0 c.. - which temperature. according to the experiments previously 
made (Fig. 1). is a transition-point. - the lower values 3 and 4 were 
observed; but as the time 7: now had suddenly increased to no less than 
40 minutes. - as a consequence of an appreciabIe change of the inner state 
of the metal. - these va lues still must be considered as being too small. 
Indeed. no reliable evaluation of the values at 7:0 can be made with 
7: = 40 minutes: for even 1 hour after the metal had been dropped into the 
calorimeter. the cooling-modulus of the instrument still appeared to be 
much too small. - indicating that a development of heat still continued 
to occur. This retardation in the heat-development of the metal appears 
to be present even at temperatures below 508 0 C. In experiment 5 the 
crucible was preliminarily heated at 6000 C. during 2! hours: notwith
standing this. however. 7: still remained = 40 minutes. For this reason the 
neodymium used was removed from the crucible. imbedded in dry Nd20:1 

and heated above 600 0 C. in an evacuated tube of Pythagoras-mass. In 
the beg inning no reliable measurements of the temperature could be made 
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in these experiments. because from 6000 upwards astrong electron-emission 
proved to set in within the tube; only after the insertion of an earthed 
FARADAY-cage made of nickel-gauze. such reliable measurements of t proved 
to be possible. The metal was heated at 7250 C. during an hour and then 
slowly cooled; no appreciabie deformation of the bar had occurred. nor 
any oxydation and afterwards its surface appeared even a little more 
lustrous than before. Af ter the metal had once more. been enclosed in the 
vacuum crucible. the time T proved now to have diminished to 4 minutes 
(N0. 6. 7. 8); but af ter heating at 496 0 c.. T again gradually proved to 
increase (N0. 9) and finally (N0. 10 and 11) once more attained a value 
of 45 minutes. For this reason the metal was in the way just described once 
more heated at 7800 C. during half an hour and th en very slowly cooled: 
its upper part had remained quite lustrous. whilst the part of the metal 
surrounded by the oxide now proved to be somewhat oxidized and slightly 
deformed. The measurements then were once more continued. af ter the 
metal was again enclosed in the evacuated platinum crucible. The time T 

in all further determinations now proved to remain normaI. ranging from 
2i to 7 or 8 minutes .The cp -t-curve thus obtained (12-20) appeared to 
coincide with the curve (7-9) previously observed; but af ter the transition
temperature had. once more. been surpassed. suddenly an appreciabie drop 
of the curve (23-25) proved to set in with a thermal effect of the wrong 
algebraic sign: evidently this time no state of thermodynamical equilibrium 
was established. Subsequently the values of Cp (26-28) proved irregularly 
situated and to be quite irreproducihle. - as may he seen from the curve 
29-32. which is by no means a continuation of the curve 26-27. 

Doubtlessly a mixture of at least two different modifications here is 
present. which are not in equilibrium with each-other and the shape of this 
part of the curve appears almost to be identical with that observed and 
represented in Fig. IA. Af ter the experiment 32. moreover. also the 
curve 13-17 could no longer be reproduced. nor the point 23. which 
proved considerab~y to be shifted upwards (N0. 33. 34 and 35). Af ter 
the metal had ber:n heated at 6000 C. (N0. 36). the curve 13. 14. 7. etc .. 
however. once more became reproducible and subsequently the results of 
the measurements appeared more regularly distributed than before. The 
longer the metal is heated at 5080 c.. the more the irregular part 23-28 
seems to disappear. whilst the curve 14 - 7 - 17 - 19 - 20 now also 
becomes reproducible (N0. 41. 43). - although the latter values still are 
somewhat too high. 

On repeatedly heating and quenching the sample. the irregularity at 
5080 C. finally completely disappears. whilst the transformation-point is 
simultaneously slightly shifted to 5050 C. (N0. 54 and 55); the ëp-t-curve 
now takes the course 42-53. Because the value 56 again proved to be too 
low. the measurements in this interval were extended and th is time the 
curve 57-61 was ohtained. 
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At once it thus becomes clear, that at increasing and consecutively 
decreasing temperatures a real cycle (54-61) will be passed. 

This, therefore is a most striking example of a true "hysteresis-cycle", -
as such is met with in a nu mb er of other retardation-phenomena: thus, 
for instance, in the case of cobaltum 1) in the vicinity of the latter's first 
transformation-point at 446 0 -4670 c., wh ere the hexagonal modification 
is changed into the cu bie one. The continued change in the inner state 
of the metal occurring at temperatures above 5080 c., manifests itself in 
the too high values ofc p as observed at the lower temperatures; but by 
repeatedly heating the sample at temperatures below 508 0 c., these va lues 
are gradually diminished to the final lower ones. Too high values of Cp 
will also be found if the crucible is rapidly heated and cooled at a somewhat 
higher temperature than t, before it is introduced into the calorimeter: thus 
in experiment 63 at 4400 c., the crucible had preliminarily been heated 
at 4600 C. and then was rapidly cooled at 4400 C. 

In this way it finally became clear, that the situation of the right 
cp-t-curve below the transformation-temperature at 5080 c., - which 
temperature is also found in the case of didymium, - is that determined 
by the points 67 - 68 - 64 - 62 - 65 - 57 - 58 - 59 - 60 - 61. 

However, retardation-effects are also found on heating above 508 0 c.: 
thus, for instance ,the value 69 at 5600 C. determined af ter 68 , proved 
to be too low and is not situated on the curve 45 - 46 - 44. The cause 
of this phenomenon is not clear at the moment; from these measurements 
it is. however, evident that a true transformation-point of neodymium is 
situated in the vicinity of 508 0 c., in accordance with what was stated by 
means of the differential method previously mentioned. 

Between 3000 and 450ä c., Q can approximately be represented by the 
equation: Q = 0,03967 . t + 0,56944 . 10-4 . t2 - 0,476 . 10-7 • t3 and Cp by: 
Cp = 0,03967 + 0,13888 . 10-3 • t-O,1428. 10-6 • t2 • Therefore, the 
atomie heats Cp between the same limits of the temperature by: 

Cp = 5,728 + 0,2006 . 10-1 . t-O,2062. 10-4 • t2 • 

Thus: 

Cp 

(100°) 7.53 
(200 0

) 8.92 
3000 9.89 
3500 10.22 
4000 10.45 
4500 10.58 

1) A. SCHULZE, Zeits. f. techno Physik, 8. 365 (1927); Zeits. f. MetalIk .. 27, 90 (1935); 
H. MASUMOTO, Sc. Rep. Tohoku Imp. Univ., lS, 449, 597 (1926): S. UMINO, ibid .• 16. 
593 (1927) ; G. GRUBE and O. WINKLER. Zeits. f. Electrochem .. 41.52 (1935) . 
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In the same way between 5500 and 6500 C. Q may approxhnately be 
represented by: 

Q = 0.05138. t + 0.44255.10-5 • t2 + 0.114 . 10-7 • t3 

or cl' by: 

cl' = 0.05138 + 0.8851 . 10-5 • t + 0.342 . 10-7 • t2 • 

and thus the atomie heats Cp between 5500 and 6500 C. by: 

Cp = 7.419 + 0.1278. 10-2 • t + 0.493. 10-5 • t2 • 

Therefore: 

SSOO 9.62 

9.96 

10.3. 

10.7. 

Like cerium and lanthanum. also neodymium belongs to those metals. 
the atomie heats of whieh have rather high values. - even at moderate 
temperatures. 

The Cp~t~curve thus has about the shape of Fig. 3: 
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ng. J. Atomie fleats cp of Neodymium. 

§ 3. 111. Electrical Phenomena. 

A. The measurement of the electrical resistance of neodymium in vacuo 
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in its dependency on the temperature occurred in the way already 
previously described 1) in detail. It presented serious difficulties as a 
consequence of an exceptionally large. accompanying thermoelectrical 
effect. which each time manifests itself regularly between 5100 and 7200 C. 
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Fig. 4, The Electrical Resistance and the lnternal Thermoelectrical Effect 
of Neodymium in fheir Dependency on fhe Temperafure. 

The influence of this accessory phenomenon upon the yet rather delicate 
measurements of the small resistances considered must. of course. be 
eliminated by separate determinations of the effect. 

The experimental device used was the same as that used in the case 
of titanium 1 ) • 

In the first series of measurements a U-shaped. flat piece of the metal 
cut from a disco made of the massive lump of neodymium. was used ; 
later-on the determinations were repeated with a straight bar of the 
pre1iminarily stabilized material. The terminals of the bar were perforated 
and 3 mm thick copper-wires were tightly fixed to them by clenching. 
The temperature was uniformly distributed throughout the heated vacuum-

1) E. ROSENBOHM and F. M. JAEGER. Proe. Royal Netherlands Acad, Amsterdam. 
39.374 (1936); F. M. JAEGER. E. ROSENBOHM and R. FONTEYNE. Rec, d. Trav. d. Chim, 
d. Pays-Bas. SS. 638 (1936), 
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furnace by the aid of a number of successive, co-axially arranged, 
cylindrieal man ties, so that nowhere any appreciable temperature-differences 
occurred; all necessary precautions we re applied so as to avoid any 
induction-effect and the protecting shields and the waH of the vacuum-tube 
were aH kept on the zero-potential. The measurements of the eIectrieal 
resistance were extended from 2500 to 7600 c.; the thermo-electrical effect 
later to be described, manifests itself only between about 5000 and 7150 c., 
- i.e . . exactly within the range of temperatures, where the {J ~ r-change 
and the retardation-phenomena already mentioned occur. As no 
temperature-differences greater than 00 ,1 C. are present within the 
furnace, th ere can be no doubt whether the thermo-electrieal effect 

7 

6 

J 

Fig. 5. The Mean Temperature-Coefficient of the Electrical Resistanee of 
Neodymium between 200· and 720· C. 

observed within this region is caused by the physieo-chemical inhomogeneity 
of the materiaI. established as a consequence of the allotropie trans
formations going-on with a marked sluggishness within this range of 
temperatures. 

In Table 11 the data concerning the variation of the electrieal resistance 
of the metal in its dependency on the temperature are collected, af ter all 
corrections for the thermoelectrieal influence have been made. The results 
are graphieally represented by the drawn-out curve of Fig. 4; moreover, 

in Fig. 5 the mean temperature-coëfficient: ~ 2~~)o of the resistance has 

been represented in the same way, for the especial purpose of comparison 
with other changes within the temperature-interval of 5000 -7200 C. 

There can be no doubt whatsoever about the fact, that neodymium, -
just as cerium and lanthanum, - shows a series of successive aHotropic 
transformations at definite transition-temperatures. EVidently the resistance-
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TABLE 11. 
The Change of the Electrical Resistance R of Neodymium with the Temperature 

between 2500 and 7600 C. 

Temperature I Electri.cal Resistance I1 Temperature I Electrical Resistance 
in °C. : In Ohm: in °C. : in Ohm: 

i 

I 
2500 0 .0716 560° 0 .0900 

300 0.0745 575 0,0833 

350 0.0772 590 0.0829 

400 0.0800 600 0.0830 

450 0.0829 610 0.0837 

500 0.0856 615 0.0814 

513 0.0866 625 0.0849 I 
• 

520 0.0871 650 0.0885 

530 0.0886 700 0.1004 

538 0.0909 710 0.1026 

515 0.0928 715 O. IMP 

552 0.0945* 740 0 . 1042 

555 0.0936 750 0.1048 

760 0.1053 

curve at about 5000 C. gradually bends upwards to reach a sharp peak 
at about 5400 c., then suddenly and very steeply falls-off to a minimum at 
about 5730 C. and, af ter a small effect between 6200 -6400 C. again rises 
to the second transformation-point at about 712 0 c., where a distinct change 
of the slope of the curve sets in. The slopes of the curve between 5100 

and 5400 C. and between 6400 and 712 0 c., and likewise that between 
2000 and 5100 C. and between 712 0 and higher temperatures, appear to 
be practically the same; as neodymium cannot be brought into a suitable 
shape for X-ray-examination at higher temperatures, it is questionable 
whether these faats are connected with a returning of the same crystal
structures at higher temperatures, - such as has been stated, for instance, 
in the case of iron . 

It seems pretty sure, however, th at the p ~ r-transformation, beginning 
at 5100 and accomplished at about 5400 c., is a sluggish one, whilst that 
above 7000 C. takes place much more rapidly. As we soon will see, the 
Iatter transformation also is accompanied by remarkable dilatation-effects 
which, on cooling, even at lower temperature persist in the form of 
a permanent extension of the bar, - evidently as a consequence of strong 
retardative influences. 
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B. lnternal Thermoelectrical Effect. 

As already mentioned, a neodymium-bar kept at any constant temperature 
between about 510° and 720° C. yields thermoelectrical effects occasionally 
of such a magnitude, that even if two metals like bismuthum + antimony 
or like copper + constantan were combined and brought into contact with 
each other, they would manifest an electromotive force of the same size 
only if the temperature-differences between the hot and cold junctions 
were of the order of 25°-35° C. 

These effects, therefore, needed to be studied by seperate measurements, 
- the more as their troublesome influence during the resistance-determinat
ions had necessarily to be accounted for. For this purpose the two curves: 
that of the resistance and that of the thermoelectrical effect, were under 
the same circumstances photographed on the same film at two subsequent 
days. Moreover, as small oscillations of the electromotive force still 
remained, the current of the WHEATSTONE-bridge was intermittedly 
switched-off at a series of temperatures and the electromotive force present 
at each moment was every time determined seperately, of ten with 
reversed poles. As the absolute value e of the thermoelectrical force 
proves to be dependent as well on the rare of heating as, with different 
bars, on the length of the latter, - the va lu es thus obtained did not always 
completely co-incide; but the general shape of the e-t-curve proved to be 
quite analogous in all cases. On heating very rapidly, the apparent absolute 
values of e get much higher than on slowly heating; but by heating for 
several hours at a rigorously constant temperature it could be proved, that 
at each temperature the final electromotive force e observed was solely 
dependent on the momentaneous temperature of the metal. At each 
temperature t, therefore, the value of e drops to a perfectly determined 
final value, - all those final values being situated on a curve of the 
characteristic shape represented by the broken line in Fig. 4. 

From this curve it is seen, that at temperatures below 510° C. 1) the 
light-beam of the vertically-writing twin-galvanometer describes on the 
film a line which deviates not more (about + or - 40 Microvolts) from 
a horizontal one than is usual in such experiments, as a consequence of the 
small effects caused by slight mechanica I or physical local disturbances in 
the material investigated. But at about 500°-510° C. the curve, - with 
a rather sharp break at this temperature, - now suddenly and very steeply 
rises within an interval of about 50° to a maximum value of e; then the 
electromotive force remains practically constant between about 570° and 
630° C. and subsequently it equally steeply drops to the zero-line, which 
is reached at about 720°-730° C. The final values of e obtained by 
keeping the temperature of the sample constant at each temperature t for 

1) In Fig. -4 the rise of the curve sets in at about 530· c.; but in a second series 
of determinations with aselected. stabilized material. th is point was proved to be situated 
more exactly at 510· C. 
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a long time. are always situated on a curve of the shape described and 
are. therefore. completely determined by the tempera tu re alone. - thus 
reflecting at each temperature a perfectly determined inner state of the 
metal amongst the who Ie series of successive states established in itat 
various temperatures. This series of consecutive states is depicted in each 
case by the special shape and heighth of the curve under va ried rates of 
heating and cooling and also with varied lengths of the bars studied. 

As the temperature~distribution within the furnace is a rigorously uniform 
one. - the cause of this strong thermo~electrical effect can only be sought 
in the chemical and physical inhomogeneity of the metal within the 
transformation~interval bet ween 510° and 720° C. 

It is only here that the phenomena described always and regularly 
manifest themselves. They evidently depend qualitatively and quanti~ 

tatively: 1°. on the length of the bar; 20. on the rate of heating or cooling; 
30. on the velo city of the allotropie transformation at each temperature t 
and 40. on the velocity and on the degree of less or more perfect mutual 
orientation of the crystallites of the f3~ and y~forms with respect to each 
other; i.e. in last instance on the number of the more or less perfectly 
orientated combinations of fJ~ and y~crystallites. which have pairwise the 
function of "thermo~electrical elements". It is clear that the latter number 
must dep end as well on the three velocities considered. as on the length. 
- or better: on the volume of the metallic phase. That such chemical and 
physical inhomogeneity is aften the cause of thermo~electrical effects 
(hard~drawn metalwires. local impurities in metals. mechanical cracks and 
stresses. BENEDlcKs~effects; etc.) is weIl known 1); also. that such 
thermoelectrical farces can be generated at the places of contact of 
crystallographically differently orientated crystallites of even the same 
metaI 2 ). if the latter is only sufficiently anisotropous in elastical respects. 

As the copper~terminals outside the vacuum~furnace always have a lower 
temperature than the metallic combination in the furnace. - the combinat~ 
ion as a whole always presents a certain temperature~gradient. by which 
these "inhomogeniety"~thermo~forces may be able to manifest themselves. 

Fram Fig. 5 representing the mean temperature~coefficients of R in 
function of the temperature. it still more clearly becomes evident that two 
different states of the metal with respect to its electrical behaviour must 
here be distinguished: 1°. the temperature~intervals of 200°-500° C. and 
of 720° C. to higher temperatures. - throughaut both of which the mean 
coefficients of the resistance remain practically constant; 20. the interval 
of 500°-720° C. in which the inner state of the metal considered appears 

. a highly disturbed and complicated one and where only in the interval 
570°-630° C. a certain tendency towards a gradual re~arrangement inta 

1) Conf. W. MEISSNER. Handbuch der Experimentalphysik. Bnd. 11. 2. 418. 426. 443. 
Leipzig (1935). 

2) E. GRÜNEISEN and E. GOENS. Zeits. f. Physik. 37. 279 (1926); all references of 
the other literature on the subject are here to be found. 

Proceedings RoyaI Netheriands Acad. Amsterdam. Vol. XLI. 1938. 9 
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a final state with an almost constant mean coefficient of R and a constant 
electromotive force E can be acknowledged. 

The thermoelectrical effects within this range of temperatures evidently 
are by no means accidental; for on repeating the experiments with another. 
perfectly stabilized sample of another shape. they constantly proved to 
reappear in the same general form. - exactly in this same region of inner 
disturbance of the metallie phase and. more especially. only above 5100 C. 
Also the thermoelectric force again proved to remain constant in just the 
same interval of the temperatures. in whieh the mean temperature~ 

coefficient of the electrical resistance in its turn showed a practieally 
constant value: between the two phenomena. therefore. evidently there 
exist a certain co~ordination. - which finds its explanation in the peculiar 
inner state of the metal in the temperature~interval just considered. On 
heating or cooling very rapidly. the primarily observed thermoelectrieal 
effects occasionally proved to attain an even twiee as great value as on 
slow treatment. Also in other cases of metals showing allotropie changes. 
the manifestation of such thermoelectrieal forces may be looked for: thus. 
for instance such an effect was already previously stated by us in the case 
of cerium. - where it finally disappears hy total stabilization. - and more 
especially in that of electrolytieal iron 1) between 7000 and 10000 C. Such 
effects prove persistently to re~appear even af ter repeatedly heating and 
cooling the samples. 

The fact that. as we have seen. on heating the neodymium~bar during 
a sufficiently long time at a constant temperature t. a quite determined 
value of E on the E~t~curve is finally reached. - seems to indicate that a 
state of dynamical equilibrium fJ ~ r at each temperature t is finally 
established. Perhaps fJ~ and r~neodymium within this reg ion may represent 
a case of "dynamical allotropism". - like. for instance. the S "'~ and 
Sl~forms of sulphur 1); the allotropie change may perhaps proceed in each 
crystallite to a certain amount and then a mixed crystal be generated 
between the two forms by slow diffusion into each other: such mixed 
crystals. if in mutual contact. can equally weIl be the cause of the mani~ 
festation of thermoelectrieal farces 2) and. on cooling. - perhaps by a 
process of their partial un~mixing. - by the sluggish transformation induce 
the phenomena of retardation of the kind here observed. 

§ 4. IV. Thermal Dilatation of Neodymium. 
With an experimental device whieh in another paper S) will soon he 

described. the relative thermal expansion of a har of the metal in vacua 
was measured at a whole series of temperatures between 1000 and 7600 

and the results were photographically recorded by means of the twin~ 
galvanometer. 

1) Cf. for instance. H. R. KRUYT. Dissen. Utrecht (1908). 
2) W. MEI'SSNER. loco clt. 
3) In PhysicB. (1938). 
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The fundamental principe of th is method is as follows: the one end of 
the metallic bar. - which is heated in a vacuum~furnace. - is invariably 
fixed. whilst the other terminal. by means of quartz~rods. is connected with 
a semi~movable slit in such a way. that in the beginning of the experiment 
th is slit is only just a little opened. The whole apparatus is so arranged. 
that. on heating. the gradually expanding bar causes the width of the slit 
ever more to increase when the bar gets longer. 

The slit mentioned is passed by the radiation of an incandescent lamp 
and an image of the laltter is projected upon a linear thermocouple (af ter 
MOLL) which is connected with the one of the two sensitive galvano~ 
meters: the greater the expansion of the bar. the wider is the slit and the 
greater. therefore. is the quantity of light falling upon the thermocouple. 
- thus producing an increase or a decrease of the current in the galvano
meter at various temperatures. 

The load stretching the heated bar is only very smalI. as the weight 
of the quartz-rod attached to it (ca. 35 grammes) is for the greater part 
still compensated by the action of a lifting steel spring. 

The method allows the accurate measurement of the dilatation (l -120 ) 

of the bar. As 

I = 120 • {l + a. (t - 20) + fJ . (t -- 20) 2 + ...... }. /::; I = a' . l~w . (t·- 20). 

if a' is the mean linear expansion-coefficient. In Fig. 6. 120 has arbitrarily 
been taken = 1; so that the co~ordinates used immediately indicate a' . 106 • 

H,an thrrmal 
Erpansion-Co,fF. 

a'XIO~ 

450 

400 

350 

300 

200 

,. .. ... .. 
in(rraJ1·(tI1Utan1[.du~as.!;. 

and!!. 

Fig. 6. The relafive mean Thermal Expansian of Neodymium between 
100· and 760· C. 

9* 
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In the experiments the simultaneous heating of a short part of the quartz~ 
rods applied cannot be avoided; this expansion of the quartz~rods is still 
induded in the values given in the Table 111. but the uncertainties are only 
unappreciable. as the expansion~coefficient of quartz is extremely~small. 

The necessary corrections wil!. however. afterwards exactly be determined. 
From these data which are graphically represented in Fig. 6. it 

becomes clear. that the relative thermal expansion of neodymium is highly 
remarkable in the same reg ion of about 420 0 -714 0 C. which. as we have 
emphazised. also in a number of other respects proved to be an interval 
of sluggish transformations. The curve with its slope already diminishing 
at about 2400 and its more . rapid rise at 4200 c.. betrays the coming 
iIiternal changes of the metal already at temperatures as low as these; 
in the temperature~interval 4300 -508 0

• - the region of the calorimetrical 
hysteresis~phenomena. - it gets rapidly steeper. with a maximum and a 
break in the vicinity of 4600 c.. whilst a sharp discontinuity at 7460 C. 
indicates the now completed transforma-tion into the ~~form of the metall ). 
If the metal has. however. on ce been heated above 7140 -7460 C .. on 
subsequent cooling the length of the bar proves to increase from 714 0 till 
6400 c.. whilst the temperature is lowered and this increase of length then 
persists till room~temperature. (Curve C). On repeating the experiment. 
the bar shows an accumulative permanent elongation on cooling. but only 
within the interval of temperatures between 7400 and 6400 C. and af ter 
the heating has been continued above 7000 C. When. however. the 
temperature preliminarily has not been risen above 6900 -7000 c.. the small 
dilatation of the bar obtained on cooling 2) finally decreases to zero at 
about 2400 C. (Curve B). On the contrary. on preliminary heating at 
temperatures above 7460 c.. the increase of the length of the metallic bar 
proves to be only small: only by heatings at temperatures in the immediate 
vicinity of the transition~point: r ~~. therefore. the said ex pan sion of the 
bar on cooling is produced. so as to be come permanent and accumulative in 
repeatedly executed heating~ and subsequent cooling~experiments. In some 
respects this behaviour reminds of the remarkable successive changes of 
the viscosity of liquid sulphur, when the latter is gradually heated from 
the meltingpoint upwards and then more or less rapidly cooled: in this 
case these abnormalities are doubtlessly connected with a shift in the 

1) The curve In Fig. 6 shows. moreover. some slight irregularitIes at ca. 630· C. and 
at ca. 6800 C.; I.e. at the same temperatures at which also in Fig. 1 B smalI discontinuities 
were observed. At the moment it remains questlonable. whether they really corroespond to 
still some other transformations taking place within the metal. or whether they only are 
in some way connected with internal stresses locally produced in it. 

2) Perhaps it is worth while to remark. that this maximum temperature of 640· C. 
here accidentally coincides with that. where the "constancy" of the thermoelectrical effect 
(and practically that of the mean temperature-coëfficient of the electrical resistance) ends; 
however, the localisation of this maximum in repeated experiments is certainly not always 
the same, - because it will depend on the special way of preliminary treatment of the metal. 
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TABLE lIl. 
The Mean (relative) linear Thermal Expansion-Coefficient a' of Neodymium 

between 100° and 770° C. 
_. 

Temperature 
a'. 106 

I r emperature 
a' .106 

Temperature 
a' . 106 

between tO between fO between fO 
f in Degr . 

and 20° C . 
t in Degr . 

and 20° C . 
f in Degr. 

and 20° C. 
Cent. : 

I 
Cent. : Cent. : 

20 = 1) (/;0= 1) 
I 

(120 = 1) 
-~--

~ . -- ~ -- - - ---

I 

100° 214 420 324 720 101 

120 221 110 335 710 106 

liO 233 160 355 711 106 

160 211 180 352 715 405 

180 250 500 358 716.5 396 

200 259 520 361 718.5 393 

220 269 540 366 751 390 

210 278 560 I 371 755 391 

260 285 580 378 760 394 

280 292 600 3825 766 396 

300 297 620 388 - -

320 301 610 391 I 

310 304 660 392 

360 308 680 3935 

380 312 700 3995 

400 3li5 

Af ter heating at 770° C. and subsequent cooling the following values were 
obtained : 

Temp. tO: 
I 

a' . 106 : 

I1 
Temp. tO: 

I 
a' . I()ó: 

I 

I 760° 401 680° 119 

I 750 101 660 128 

710 400 650 135 

720 398 610 138 

715 400 I 620 1355 

708 406 
I1 

600 132 

704 115 580 428 
I 

I 

700 418 

I1 

560 423 

696 119S 
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composition of the liquid phase with respect to the two sulphur~modific~ 
ations present in it. The facts mentioned in this paper seem to indicate, 
that an explanation of the peculiar properties of the metal studied here 
must, indeed, start with the consideration of the slowand of ten only 
imperfect re~establishments of internal dynamical equilibria between the 
fJ~, r~ and <5~forms of this remarkable rare~earth metal. 

SUMMARY. 

The specific heats, the electrical r.esistance, the internal thermoelectrical 
effect and the thermal expansion of neodymium at various temperatures 
were investigated. 

From the total of all data thus obtained, it becomes evident that neo~ 
dymium, - like cerium, lanthanum (and didymium) , is at least tetra~ 

morphous, - its successive transitionpoints being situated at - 1640 c., 
+ 5080 C. and + 714 0 C. respectively .The phase~transitions occurring 
between 5000 C. and 7200 C. are accompanied by more or less strongly 
pronounced retardation~phenomena which, - at least for the greater part, 
- are doubtlessly connected with the rather sluggish re~establishments of 
dynamical equilibria between the different forms of the metal in the 
successive phases. Neodymium heated above 7400 C. expands on cooling 
as low as 6400 C. and th en obtains a permanent elongation, which proves 
to possess an accumulative character every time, that the experiment is 
repeated. 

Groningen, Laboratory for Inorganic and Physical 
Chemistry of the University. 


