
Physics. - "Fu1·thel' e,xperiments witlt liquid helium" T. Magnetic 
1'e.~eal'ches. XXIII. On tlte nwgnetisation of glzdolinium sulpltate 
at tempeNltUl'es ob tainll bie with liqllid Itelium," By H. R. 
WOLTH:lt aud H. KAM~: lU.INGH ONNES, (Communiealion N'.167c 
from the Physical LabOl'ulory at Leiden), 

(Communicated at the meetinK of September 29, 1923), 

§ 1. IntToduction. PreviolI s 1) prelilllinal'y researches and a detailed 

discussion ') of the resnlt s then obtailled have showII Ihe importance 
of Et closer illvesligatioll of Ihe magnetisalioll of gadolinium sulphate 

at "el'y low telllperalul'es: Ihis substallce is one of tlle compara
tively few , that follow CURm's law down 10 Ihe region of tempera
tllJ'es oblaillahle wil I. liqllid h.vdrogell . Now in the light of LANGEVIN'S 
theol'y Ihe eURm law hold s olll}' aIJproxilllately, viz. as long as the 
sllsceplibility ma.v be eOll s idel'ed 10 be indepelldent of Ihe field sIrength: 
LANGEVJN gives fol' Ihe ralio of Ihe speeific maglletisalioll, 0, to the 
specific saturatioll magnetisation, (j .. , 

1 
(j : (j cc, = cotglt a - -

a 

(Jm"" H a=-- .-
R l' 

(la) 

(lb) 

(Om"" beillg the saluralion maglletisation of olie gmm molecule, R 
Ille gas constant pel' gl·m . mol., H the magnetic tield applied and 
l' the absolute temperature). 

For small "alues of a 

1 
(j: (j = - a or 

"" 3 
(2) 

If l' is small and tllliS a large, X is no longel' independent of H, 
but the cUl've 0: (ja;) =/(Il) deviates from tlle straight line (j: a"" 

1 = - a, becomes concave towal'ds the a-axis and approaches asymp-
3 

totically to (j: (ja;) = 1 (cf. tig.) 'rhe detailed discussion of the preli
minary expel'iments has already made very problable Ihe existence 

I) H. KAMERLINGH ON NES, these ProceedinKs 17, p. 283; Leiden Comm. Nu. UOd.' 
') H. KAMERLJN GH ONNES, Rapport Solvay 1\:121, p. 131; Leiden Comm. Suppl. 

NU. 4r4a. I. . 
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of devialiolls of Ihis Iype. Vet il is nol 10 be expee.led a priori thai 
LANGEVIN'S theol')' would be followed in this case, fol' this theory 
has been dedllced for a gas with perfect rOlational freedom of the 
molecules and starls fl'om the . asslllllplioll of the equipal,titioll of 
energy in al degl'ees of freedom, Now the case of powdel'ed gado
.Iillium sulphate al low lempel'allll'es does 1I0t cOl'I'espond 10 eilllel' 
of these assllmplions. II is truc Ihat LANGEVIN'S theory has been 
exlended by 'V~: ISS 1) 10 powdel'ed eryslals, bilt WV;ISS eonfines IIim
se lf 10 small vallles of Ihe paramelel' ((; 011 Ihe olher hand EH REN
FEST') has developed a theol'y iJl wllÎl'h Ihe I'elalitioll (2) is obtained 
1'01' cryslal powders on tlre ItSSlllllpl.ioll of Ule exislence of qua.nla 
bil I I hen I.he salll rutioll II1aglleti8al iOIl is olll} hal I' lire valIIe eOl'l'e8-
pOlld i lig to perfect pal'allel iSIll of all elemell tar,)' m agllel ~ aml intIIe 
pl'elilllillary expel'iments a higher vuilIe ~ee lli e d 10 he reaehed. 

COllfirmation allli exlem;ioll of Ill e pre lilnillal'Y res ldts was thlls 
ver} desi J'able; IlIc sUllIe lIlelllod has been followed as in I he 
jJ re v ious wOl'k: Ille spe('i fit· magIIel isal ion > IT, is l'alenlated from t.he 
fOl'ee F (i n gram 111 es) exerled 011 I he mass 1/1 b,v tlll illllOlIlogeJleolis 

l ' aH A d l:l magnelie field with aid of Ule fOl'llIl1la 'g = mil - , elai et . dz 
sllidy of tlle apparatll8, Ihe eOl'l'e(~lioIl8 allri tlle 801l1'('e8 of eITOI', a 
eOlllpl'ehensive accouJlt of whiclI lias beclI givell in Ille precedillg 
eOlJllllIJlliealioll I), has made it. possib le 10 altaill u IJIll('h gTealer 
aCCl1l'Rcy Ihall in the previolIs wOl'k, at leasl as far a.s the magnelie 
measllremenls a.re cOJlcel'l1ed. Thé delel'lnillalioll of tlle lempel'l1ll11'e 
frOIll Ihe vapolJl' pressul'e of Ille balh is st.ill a weak POilll, especially 
sillce Ihe vapoul' pl'essllre law is as yel IIOt sutliciently weil 
knowIl 4). Tha researeh rehtles 10 Ihe Sltllle tubes, Gd I ano Gel U , 
that Ilave sel'\'ed fol' Ihe research ill liquid hydrogen alld thaI have 
been melllioned in Ihe preceding comlDllllication (~ ac). 

~ 2. Observations. The direct resllits of t.he obsel'vations may be 
given first: tailles land 11 (l lJeing the number of ampères in Ihe 
magnet coils; ,Ho Ihe field strellgth , ill gallss, in the cenlre ; F Ihe 
foree iJl gl'allllDeS, 011 Ihe total mass of SlIbstalIce). 

Wilh Gd JI betweell Ihe poilllS N°. ').~ ano N°. 28 poillts have 
been left out in whiell the observatiolls have been takelI at illcreas-

I) P. WEISS, Paris C. R. 156 (1913) p. 1674. According lo O. STERN (Zs. f. 
Phys. 1 (1920) p. 147) WElSS' deduclion is nol sound . 

~) P. EHRF:NFEST, these Proceedings 23, p. 989; Leiden Comm. Suppl. N". 44b. 
S) H. R. WOLTJER , these Proceedings p. 613; Leiden Comm. No. 167h. 
~) I. c. § 3t. 

41 * 



628 

TABLE I. 

Gadolinium sulphate 1 

Date Ivapour pressu, tol T 
I 

Nr. 
I 

I 
I 

Ho 
I 

F 

March l th,1923 761 mm.') 4° .20 K- 1 30 17320 90.14 

H H " 
2 20 12940 55.26 

" H .. 3 10 6605 15 .76 

.. .. · 4 5 3295 3.89 

.. .. " 
5 5 3295 4.01 

.. • " 
6 15 9875 33.83 

" .. • 7 30 17320 89.94 

H .. .. 8 60 21600 114 .76 

.. .. " 
9 70 22230 117.81 

.. .. .. 10 45 20235 109.54 

H H " 
11 30 17320 90.96 

" 
360 mmo 3°.53 

" 
12 70 22230 136 .93 

" " .. 13 45 20235 123.42 

.. • .. 14 30 17320 103.78 

" " .. 15 20 12940 65.61 

.. .. .. 16 10 6605 19.04 

.. .. ., 17 5 3295 4.76 . 

.. • .. • 18 5 3295 4.75 

" .. .. 19 15 9875 40.26 

.. .. .. 20 30 17320 102.54 

.. .. " 
21 60 21600 129.12 

.. .. " 
[22 70 22230 130.68 

.. 100 mm o 2°.73 .. [23 70 22230 152.27] 

.. • .. 24 45 20235 148.13 

.. " " 
25 30 17320 121.71 

.. " • 26 20 12940 79.75 

• .. .. 27 10 6605 24 .36 

.. .. .. [28 5 3295 6.12] 

. 763 mm o 4°.20 .. 29 30 17320 91.11 

.. 9.5 mmo P .66s " 30 70 22230 173 .70 

" 
4 mmo 1°.48 • [31 60 21600 173.41 J 

1) 'l'he diffel'ence bet ween internalional and loca l m.m. mercury (these Proceed· 
ings 21 p. 658 nole 2; Leiden Comm. No. 152d P 4.7, nole 4) ) is here ofno impol'lance. 
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TABLE 11. 

Gadolinium sulphate 11 

Date /vapour pr~ss ur~ / T 
/ 

Nr 
/ 

I 
/ 

Ho 
/ 

F 

April131h,1923 161 mmo 4°.20 K. 1 60 21600 108.27 

" " n 2 30 17320 85.61 

n " " 
3 15 9815 32.44 

n " " 
4 5 3295 3.14 , 

• " " 
5 5 3295 3.17 

• " " 
6 10 6605 15.10 

" • • 1 20 12940 53.00 

" " " 
8 30 11320 85 .80 

" • v 9 45 20235 102.16 

• " " 
10 60 21600 108.04 

" 
300 mmo 3°. 40 " 

11 30 11320 98.48 

" 
39. mmo 2°. 30 

" 
12 30 11320 119 .86 

• 4 mmo 1°.48 " 
13 30 17320 133.53 

" " " 
14 60 21600 152.29 

" • " 
15 30 11320 13359 

" 
759 mmo 4° .20 n 28 30 11320 85.48 

" 
2.9 mmo 1° .41 5 " 29 70 22230 156 .36 

" " " 
30 45 20235 152.69 

" 0' " 
31 30 17320 136.30 

» " • 32 5 3295 10.20 

" " " 
33 4 2621 6.46 

°l " " 
34 3 1960 3 .68 

• 1.1 mmo 1" .31 • 35 70 22230 151.14 

" " » 36 60 21600 157.12 
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)lig press llre 111 order 10 tesl wltetllel' I.elllperalul'e eOl'l'espollded 10 

pl'eSSllre, Ihe ollty st il'l'ing pos'3 ible beilIg made by the rnoving up 
and down of Ilte ca I'l' i el' 1). 'rite magnetisations observed pointed lO 

mneh lowel' tempel'allll'es than eOl'l'espollded 10 the actual preSSlll'eS 
alld 1I1I1S 10 a large te 111 reml u I'e lag. Thel'efor'e these poin Is have 
been lefl 011 t of cOllsideral iOIl . 

~ 3. Discussion. 1"01' Ud ii 0,02024 ') Itas been accepted as CIll'ie
cOllstant alld with tllis valIIe IJoo anti (JII/OO have been calculated 
according to fOl'fIlula (2). Half Ibe l'eal lIIoleculal' weight has been 
used in ealcnlatillg (J",oo frolll (100' as the atonts of Gd are assumed 
10 have l'otational freedom . 'rhis is I1sllally done fol' salts containing 
more than one melltl atolll in the molecule I) ; rnOl'eovel', if the 

whole molecnlal' weight. had been taken,6moo wonld have become 1/ 2 
largel', (100 1/ 2 smallel' and titus IJ: 600 again V2 lar;;er and one would 
have found values largel' than 1, as fol' 6: (100 tlte value 0.84 has 

heell il ttai lied (Cf. table I V). 
We find: 

(fmoo = 434,2 " JO' (38.65 Wl!:lss-magnetons). 

6 00 = 1t6,25. 
Fol' the Curie cOllstant of Gd 1 we found 4) 

C= 0,02149 
ti",oo = 447,4 . 10' (39.82 W Elss-magnetons) 

0"" = 119,79. 

Fl'Om the tables 1 alld II ö : IJ oo alld 11, have been calculated fol' 

Od 1 and Gd il, with its own pal'liculal' ClIl'ie constant fol' each 
snbstance. 'rite reSIlIlS have beell eollected in 'ables 111 and IV . 'rite 

vRilles placed in square brackels are a p,'iol'i less l'eliable, mostly 
hecause dlll'ing Ol' irnmediately afler the meaSlIl'ement the gadolillium 

slllphate appeal'ed lO be 1I0t sufficiently below the liqllid helium 
level ~). 'rhe diffel'enees between tbe obsel'\'ed values of 6 : 600 alld 

1) l.c. § 3e. 
2) Cf. the preceding communication § 4, where on account , of a later somewhat 

modified calculation 0,02030 lias been !1;iven. The difference is of no importance, 
I) P. WEISS, Areh. d. Sc. phys. et nat. (4) 31 (1911) . 
B. CABRERA, J. de Chim. Phys. 6 (1918) p. 442, esperially p. 462. 
') Cf. the prer.eding communication § 4, where the difference hetween both 

resulls has been discussed . 
5) At the points marked with all astC\' i~k the helium level was certainly below 

the spring V~ (cf. the preceding communication § 3a). Though a general telldency 
to higher values of fj : (]' <:JO (cf. the diagram) must be acknowledged to exist, there 
is no systematic difference between th e points with and without asterisk. 
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4°.20 K. 

.; 

dlo oC) 
0 

Nr. ~ a. 
bi b8 

0 

'--" e 

4 0.2888 01036 1+ 7.6 

5 0.2882 0.I C68 + 10.5 

3 0.6174 0.2075 + 3.2 

6 0.9408 0.2977 + 0.4 

2 1.239 0.3732 - 0.8 

1 1.675 0.4710 - 1.0 

7 1675 0.4700 - 1.2 

11 1673 0.4753 0.0 

29" 1.673 0.4763 + 0.2 

10 1970 0.5269 - 1.0 

8 2.140 0.5516 - 1.7 

9 2223 0.5702 - 0.6 

I 

TABLE 111. Gadolinium sulphate I. 

3°.53 K. ! 2°.73 K. 1°.665 K. 1°.48 K. 

.; 

~ Io 
I .; 

~ Io 
.; 

~ Io 
.; 

~Io 
oC) oC) oC) oC> 0 I 0 0 0 

Nr. a. ~ Nr. I a. ~ Nr. ~ Nr. ~ 

bi b8 bi b8 a. 
bi b8 a. 

bi b8 0 

I 
0 8 0 

'--" s '--" e '--" '--" e 

17" 0.3384 0.1268 1+117 [28* 0.4267 0.1630 1+138] 
1 18" 03384 0.1266 +11.6 

16" 0.7246 0.2508 + 6.9 27* 0.9162 0.3208 + 9.8 

19" 1.106 0.3544 + 3.6 

15" 1.458 04430 + 3.2 26 1.857 05384 + 5.0 

14" 1.916 0.5425 + 17 25 2.528 0.6362 + 3.0 

20" 1.977 0.5360 + 0.5 

13 2.328 0.5936 + 0.7 24 2.975 0.7124 + 61 [31 * 5.917 0.8339 + 0.3] 

21 * 2529 0.6209 + 06 

12 2.624 0.6627 + 5.0 [23 3.371 07369 + 4.2] 30* 5475 0.8406 + 2.8 

[22*12.631 0.6324 + 0.3] 
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Nr. 

4 

5 

6 

3 

1 

2 

8 

28" 

9 

I 

10 

4°.20 K. 

.; ... 
c 
~ a. 
bibS 
'---'" 

0.3238 0.1102 

0.3238 0. 1111 

06315 0.2199 

09433 0.3151 

1.243 0.3956 

1.682 0.4951 

1.682 0.4959 

1.684 0.4941 

1.995 0.5464 

2.150 0.5156 

2.150 0.5144 

3°.40 K. 

~Io 
.; 

~Io ... 
c 

Nr. ~ Nr. a. 
bibS 0 8 0 '--' - -

+ 2.1 

+ 35 

+ 6.7 

+ 5.9 

+ 41 

+ 3.6 11 2.063 0.5691 +3.1 12 

+ 3.8 

+ 3.3 

+ 1.8 

+ 2.3 

+ 2.1 

---

TABLE IV. Gadolinium sulphate 11 

2°.3Ó K. 1°.48 K. 1°.41 5 K. 10.31 ~. 

.; 

~Io 
.... 

~Io ~ ~Io 
.; 

~Io ... ~ 
... 

c c c 
~ Nr. ~ Nr. ~ Nr. ~ a. 
bibS 

a. 
bibS 

a. 
bibS 

a. 
bibS 8 0 0 8 

'--' '--' 
0 '--' 

0 
~ - - - -

34" 0.5260 0.1854 + 7.1 

33 0.6952 0.2403 + 6.5 

32 0.8581 0.3005 + 9.1 

3.009 0.6928 +2.9 13 4.634 0.1116 -1.7 31 4.839 0.7818 - 0.1 

15· 4634 0.1721 - 1.6 

30 5.171 0.8119 - 18 

14* 5.91B 0.8096 -2.9 36" 6.138 0.8385 - 1.6 I 

I 

29 6.467 0.8365 -- 1.1 35" 6982 0.8439 -1.5 

I 
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the values calculated according to LANGEV IN' S fOl'llllll a, expl'essed in 
pel'cent s o f t lle obsel'ved value, are g iven in the columns headed 
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It cannol be denied thai while on Ihe one hand, one gets the 
slrong impression Ihal LANGEVIN'S formula is followed (cf, the figure, 
in which the LANGEVIN Clll'Ve and Ihe Obs61'ved points have been 
drawn), on the othel' hand the deviations are largel' than was anti
cipated. Howevel' they may be explained from the SOllrces of errol', 
Besides all that hus been said in lhe preceding communieation as 
10 the aecul'acy, il must be pointed out Ihat the lar'gel' deviations 
oeClll' especially at the lower field strength values, wliere the topo

gl'aphieal cOl'I'ections are rather uneel'tain and also the meaSUl'ements 
of the field str'ength less reliable. Furthel', the magnetic moment 

Reting at the . very low tempel'atUl'es is so lal'ge that Ihe assumption 
of a J'igid distl'ibution of the magnetisllI on Ihe pole faces (and 0/1 

this assumption tlre field measurements and Ihe determinalion of 
the topographical eorrectiolls are more Ol' less baaed) certainly holds 

no longElI'. 
Moreover il must be obsel'ved, that el'l'ors in (Jco and in H, exel'l 

on the abscissae all illfluellc6 opposite in dil'ection 10 thai 011 the 
OI'dinales and thus appeal' gl'ealer in Ule diagram . Taking all 

these cireumstances inlo arCoullt, eapeeially alsa Ihe uncerlaillty of 
Ihe demagnetisatioll, il may be coneluded, thai powdered gadolinium 
sulphate follows LANGEVIN'S fOl'mula down to abollt 1°.3 K; thus it 
8eems possible 10 use Ihe magnelic sllseeptibility of gadolinium sul

phate in thel'mometry . 

; 4. Results. The specific magnetisalion of powdered hydraled 

gadolinium sulphate lias been illvestigated for Ihe temperatures of 
liquid hydrogen and liql1id helium. It appears that tlrough tlre fun
damelltal assumptions to LANGI~VIN'S Iheory do not apply, yet LANGlWIN'S 
fOl'mula is followed. For the pal'ttmetel' a of LANGE\'IN'S Iheol'y lire 
valIIe 7 lias neal'ly been reaelred. Tlre highesl magnetisations oblained 
are about 84 ' /0 of the magnetisalion cOl'I'esponding . 10 perfeel paral
lelism of all elementary magnets. This r'esull is independent of lire 

uncerlainlies in Ihe lemperature and the value of lire demagnetising 
field. So it appears that Prof. EHR~~N(tES'l"S Iheol'y is here not 

applicable witlrout further exlension, since tliis Iheory (whielr is based 
on quanta assumptions and IlOlds, cOlltrar'J;, 10 LANGEVIN'S theory, 
dil'eClly for cl'ystal powdel's) gives fOl' the saturatioll magllelisalion 

only 50 °l , of the value menlioned. 




