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Physics. - "On the HALL eJl'ert and the change in tAe rw:çtance 
in a magnetic field at low temperatures. 1. Nertsurernents on 
t!te HALL-effect altd the change in the resistance of metals and 
alloys in a 1nagnetic field at the boiling point of Aydrogen 
and at lmoer ~emperr1tures". Bj' H. KAMERLINGH ONNES and 
BENGT BECKMAN. Communication ~o. 129a from tbe Physical 
Laboratol'Y at Leiden. 

(Communicalcd in lhe meeting of June 29, 1912). 

~ 1. Introduction. An investigation of the HALL effect and ofthe 
change of resi"tance produced by a magnetic field was carried out 
by VAN EVERDINGEN at Leiden some time ago down to liquid air tem
peratures 1), but the fundamental importance of these phenomena in the 
theory of electrical conduction has long made it desirabie io extend 
this investigation to. the mucl! lower temperatures wbich bave been 
freely a\'ailable since tbe successfnl development of metbods {)f 
obtaining accurate series of observations at liquid hydrogen tempe-' 
ratures. The problem, however, has been fOl'ced aside by other 
researches which could not be delayed, until the study of it and of 
allied problems for various metals at the lowest possible temperatures 
has been rendered essen ti al to the further development of the theory 
of electrons by the discovery of tlle fact tbat the resistance of 
pure mt:!c~ry .. disappears at liq uid helium. tempera~u~s. We have 
therefore been occupied for some time with various aspects of 
the investigation of these problems at hydrogen temperatures, and, 
while we propose JO continue this investigation systematically and, 
if possible, to make some meaSUl'ements on the more important points 
at those temperatures which are obtainable with liquid helium, we give 
in the present paper some resnlts which have already been obtained, 
and which may be considel'ed tn he themselves of some importance, 

The investigation has been extended by one of us (B. BIWKMAN) 

with t.he same experimental material to temperatures obtainable with 
liquid ethylene, liquid oxygen, and liquid nitrogen, and these oosults 
will be discussed in a later paper. 

We wish to record our heartiest thanks to Mrs. A. BacKMAN for 
her assistance in the course of the measurements. 

I) The results for bismuth (and antimony) given in the dissertations of LEBRET 
(Leiden 1895) and VAN EVERDINGEN {Leiden 1897) and in Communieations Nos. Ht, 
26, 37, 40, 53, uS, 61 have been conlirmed by BLAKE, Ann. d. Physik. 28, 449, 
1009 and LOWNDS, Ann. d. Physik 9, 677, 1902. LOWNDS investigated rods cut 
in dilJ'erentdirections from bisDiuth crystaJs, and extended his investigation fol' one 
direction down to liquid air temperatures. He found that with the crystalline axis 
perpendicular ~Jo _the field !he. HALL coetlicient isnegative at higher temperatures, 
while as the temperature is lowered it vanishes and then becomes positive. 
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I. Bismuth. 

~ 2. Change in t/te resistance of a wire of electrolytic bismuth. 
This part of the investigation was made with a wire of electrolytic 

bismuth provided by HARTMANN and BRAUN 0,3 mmo thick, and iden
tically the same as that llsed by KAMERLINGH ONNES and CLAY in 
their determination of Ihe change of resistance (Comm. N°. 99). The 
KOHI.RAUSCH method of overlapping shunts was used. At ordinary 
temperature and at the boiling point of hydl'ogen the main current 
was .,&, milliamps, but at - 2590 C. it had to be reduced to 0.1 à 
0.2 milliamps on account of the effect of heating upon the resistance. 
In the following Table 10' represents the vRlue of the resistance in 
ohms in a magnetic tield of strength H, WT is tbe resistance with 
no field on, and Wo is tile resistance at 00 C. with no field. 

We may notice th nt we have not obtained the maximum in the 
isopedals observed by BLAKE. lt will be seen from the fOl'thcoming 
paper on the change of resistance with magnetic field at liquid air 
temperatures that BLAKE'S bismuth wires which showed the maximum 
exhibited a smaller change in the resistance than ours and were 
therefore probably not so pure. It is possible that as the purity in
creases the maximum in lhe isopedals is displat~ed towards the lower 
temperatures. 

I TASLE I. 
Resistance of Bid I as a function of the temperature and of the 

field strength. 

11 

I 
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T=290° T=200,3 

I 
T= 15° 

H 

1I I 
w' 

I 
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I 
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Wo 
I1 
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1I ii 
0,5261 I " i 0.588 0.242 0 :t 2.570 1.057 1

1 0.216 I 

/1 

, 
1
1 

I I 2760 2.770 i l.tM> I 11.5 4.73 I 

l I 3850 - -
I 

- - 19.9 8.185 I 
55.w 3.110 I 1.280 32.8 13.50 34.9 14.35 

1 I 
7370 3.473 1.388 1 54.7 22.50 1 55.9 23.00 I 

9200 3.635 1.495 76.7 31.55 I 80.8 33.25 

11850 4.002 1.646 113.2 46.55 116.4 47.90 

13600 4.248 1.746 141.5 58.20 143.1 58.85 

15670 4.540 1.868 172 70.75 175.6 72.25 

17080 196.5 80.85 199.3 82.00 
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The general cbaracter of the isotberms is also conserved at hydrogen 
temperatures; tbe field at wbicb tbe resistance begins to increase 
practically proportionally to the field itself is about 12000 gauss just 
as at liquid air temperatllres. The gradual transformation from the 
change at smal! fields to the practically linear change in stroug fields 
takes place in the same way at eacb temperature. 

; 3. TILe HALL-effect and theincrease of resistance Jor plates of 
comp1'essed electrolytic bismuth, Ea.'pel'imental met/wd. 

The method adopted was that developed and applied by liEBRET and 
VAN EVERDINGEN in theil' dissertations (see Suppl. N°. 2); in it all 
distlll'bing inflllences are eliminated. A diagram is given in Plate 3 
of the Supplement quoted, and for all matters concerning the arran
gements for measuring we may refer to Chapter I of that paper. 
Circulal' plates were used to wbich were soldered wit.h WOOD'S alloy 
the primary and HALl, electrudes as weU as two auxiliary electrodes 
(placed on the diameter in the dil'ection of the main cUITent). All 
were point €lectrodes 1). 

Choosing 0111' notation to correspond with that of tbe Supplement 
qlloted let us write e for the potential difference between the HALL 
electrodes, I for tbe mwn current and cl for the thickness of the 
plate. The HALL constant R is given by 

ed 
R=-, 

Hl 
I~t us also write Rs fOl' the resistance of the secondary circuit outside 
the plate, r for the resistance of the shunt of the compensating 
circuit, q for a constant determined by the differential galvanometer 
employed, and Rd for the resistance determined hy 

1 1 (1 1) 
Rd="2 RA + RJ3 

in wbich RA and RB are magnitudes obtained from the resistances 
of the compensating circuit with reversal of the main current when 
the field commutator stands in each e'1periment in the positions A 
and B respectively; we then obtain 

Rs 
R=rdq--. 

HRd, 

The change in the resistance was also measured as weU as tbe 
HALL effect. 

At ordinary temperature the bismuth plates showed no asymmetry 

1) V A.N EVERDINGEN has solved the problem theoretically for point electrodes with 
circu1ar plates. 
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in the HAl.L-effect, but they showed it very elearly and sometimes 
very strongly at hydrogen temperatures, giving considerable differences 
between RA and RB. In tbe followingtables twice the asymmetry 
is given by the side of the mean HUL-constant; for the method of 
evaluating the asymmetry we may again refer to Chapter I of SuppI. 
N·. 2. All quantities except ware expressed in C.G. 5. 

The CUlTent in the main circuit was 1= 0.15 amp. A WIEDEMANN 

galvanometer was used. The bath of liquid gas in the magnetic field 
was obtained in a silvered vacuum vessel by the method of Comm. 
N·. 114. 

§ 4. Results ol the measu1't~rnent..<;. 

"BÏpl, BiplI, Bip111, represent three plates of 10 mmo diameter pre
pared from the same HARTMANN and BRAUN electrolytic bismuth. 
Bipl was compressed from a thin rod in a steel mould. Bi/JIJ and 
Bil'lIl were prepared by first grinding fhe bismuth to a fine powder 
in an agate mortar and th en compressing in the same mould as Bipl' 
In the preparation of Bif -11l. which was otherwise the same as that 
of Bi"l and BipIl, the grinding op~ration took place in an atmosphere 
of carbon dioxide. 

I TABLE 11 

I The HALL constant. asymmetry and resistance change for Bipl' 
, 

I T=289° \1 T= 20°,3 

H I RH 
1

2X Asym·l- R I[:J ~I RH 12xAsym·I-R I[%J1 

2060
1 

13.9Xl()3! 0.4XI()31 6.15 
, II I , 1.06 i 91AXl()3 39.6X103,44.35 10.1 

3450 20.9 0.2 6.06 1.12 1
1 166.5 48 48.25 21.7 

I 5660 29.1 1.1 5.14 1.21 I 308 54 54.40 39.3 

1160 33.2 0 4.64 1.29 385.5 114.5 53.90 52.0 

9880 40.3 1.8 4.08 1.45 563 199 51.00 18.2 

11090 42.6 I 2.3 3.84 11.50 
1

640 
1

243 51.10 89.5 

wT= 0.00044 n 
0 wT= 0.00209 !l 

w20K =0.22 
w289K 

With no field tbe ratio of the resistance of Bipl at hydrogen 
temperature to that at ordinary temperature is almost the same as 
the same ratio for the bismuth wire Bidn but in a magnetic field 
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H 

2060 

3450 

5660 

1160 

8520 

9880 

11090 

12090 

0 
/1 

- -~---_.-. -
T ABLE 111. HALL-constant, asymmetry and change of resistance for Bip Ir 

T=289° T=200.3 T= 14°.6 

RH I 2XAsym.!-R I ~]T RH I 2xASym·I-R I [:'J T RH 12xAsym·I-R I [:'JT 

18.7X 103 1 0.2X 103 9.08 1.023 152.5X 103 24 X 103 14.1 1.11 161.5XIQ3 3X 103 81.3 1.188 

28.2 0.2 8.11 1.051 230 29 66.1 2.31 262 5.5 15.9 2.42 

39.85 0.4 1.05 1.108 349.1 31.5 61.8 3.28 - - - -

46.1 0.3 6.44 1.148 431.2 50 60.3 3.93 509 14 11.1 4.14 

52.15 0.8 6.12 1.186 503 16 59.0 4.58 - - - -
55.9 0.2 5.66 1.222 583 19 59.0 5.21 681 20 69.5 5.41 

59.95 0.8 5.41 1.26 641.5 91 58.4 5.16 755 11 68.1 6.01 

62.8 1.4 5.19 1.281 100 100 51.9 6.25 818 20 61.1 6.51 

w289 = 0.00389 !l 
/1 

w~o = 0.00481 n 
-~ --_._.~~----_ .. ~-

~ 
~ 
~ 
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the ratio of tbe resistance at hydrogen temperature to the zero 
resistance is less for tbe disc thall for tbe wire Bidl. so 

disc , 
for H = 11090 at T= 20.3 ~=J9.7 

wire 
'lIJ' 
-=42. 

w. w. 
In the case of BipIl both the negative temperature coefficient and 

the smallness of the change of resistance with magnetic field indicate 
the presence of impurities. 

TABLE IV. 
The HALL constant, asymmetry and resistance 

change for BiplII' 

H 

2850 

4100 

6615 

8275 

10160 

11100 

12220 

11 

I 
1
1 Rf! 
d 
" f! 

247 X 1()3 I' il 
li 426 
" li 

624 ii 
" 
11 814 
i, 

11 1001 

1I 1105 

11
1216 

T=20o. 

-R Asym. I [:lT 
86.6 131 X 103 2.16 

90.1 210 2.91 

935 280 3.67 

98.5 346 4.44 

99.2 400 5.12 

99.4 425 5.49 

99.5 460 5.81 

With the disc Bip I11 measurements were made only at hydrogen 
temperatures, but we give tbe results here as, just as with Blpl' R 
increases with E, and approaches a limiting value, approximately 
100; this is t.he highest HUL coefficient yet oblained for bismuth. 

All the coefficients we have obtained for bismuth plates are negative. 
Circumstances which give rise 10 positive 1) coefficients occur only in 
certain positions of tbe cl'yslalline axis and therefore, since all posi
tions of the axis occur at random, they are obscured by those which 
gi"e rise to negative coefficients. 

11. Other ftletals. 

§ 5. Experimental method. This was just the same as for bismuth. 
A THOMSON different.ial galvanometer was used for obsen'ing the HALL 

effect. Now th~ contacts were not soldered with WOOD'S aHoy, but 
with tin. 
-_.---

1) Here-total coefficienls are considered. cf. Comm. N J. 129c. [Note added in 
the translation]. 
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~ 6. ILu.1. 1:!i~'1'! .lil/' Oo/d. Thc plate .11"/.1 was pl'epared from a 
dut,eh 10 tl.-('oin; thi~ \\'a." dil'solved iJl aqlla l'egia. preeipitated b} 80., 
melted in a pOI'eelain ('ru('ible and I'olled bel ween I'teel rollel's. Durillg 
the last opel'atioll alld uftenvul'd:,; it waR tTeatcd with various adds. 
Fl'om the deereasc with temperatme of the resistan('e with no magnetie 
Held (see Table V) it iR seen tbat 1 bis plale wa~ made of purer gold 
thall that whieh l'omposed the wire Auo of Comnl. N°. 99, whieh 

gave wT=2olwT=27:i = 0,045 and was known to eontain 0,03 0
/ 0 

impul'ity. 
d was 0,101 mm., I approximately J.2 amp., and R.. = 0,6 10 

0,7 ohms. 
We found: 

TABLE V. 

~~e_~ALL=~ect tor ~~I~A~1!t ______ _ 

H 

T= 290° 

6.15 

8.11 

1.11 

1.32 

1.25 

W T=290 = 202.1G-6 (1 

T=20.3° 

1.51 

9.32 

10.9\ 

\\.98 

9.81 

9.84 

9.81 

. § 7. HALL e./I'ecl for Si/ver. The plate Ag/IJ was prepared from 

TABLE VI. 
The HALL effect tor Silver Agp I . 

T= 29U0 K. T= 20°.3 K. 
H 

4940 3.91 8.04 

126 ) 5.81 8.01 1.39 10.18 

9065 1.2! 1.98 9.22 10.11 

10210 8.16 1.95 10.34 9.85 

173.10-6 n 1.47 X 10-6 n 
1.065 0.00905 

21 
Proceedings Royal Acad. Amsterdam. Vol. XV. 
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silver for whieh we are indebted to the Master of the Royal Mint, 
Dl'. C. HOITSE:\IA. The silver was fonnd to he practically the same 
as that of the "'fire Af!1 of Comlll. N°. 99, whieh had 0,18 % 

impurity, anti fOl' whieh 1/'1'=20 11'1'=273 = 0,0089 (er. 'lOT in TabIe). 

The thickness of the plate, d = 0,09tl mmo 

~ 8. HALt t:!leef lol' ell'ctrolptic GIlliler. The eleetrolytic {'opper 
was supplied liJ F.:Ln:N alld GVlLLADU:; ti was in Ihis ease 0,057 mm. 
'Ve found: 

H 

7260 

9065 

10270 

TABLE VII. 

The HALL effect for Copper CUpl . 

T= 290° K. 

RH 

359 

4.42 

5.08 

R.104 

4.95 

4.87 

4.95 

312.10--1) n 
1.065 

T:::.:-:: 20° K. 

RH 

4.79 6.60 

6.03 6.65 

6.78 6.60 

2.94.10--6 !l 

0.0103 

4.79 6.60 

5.94 6.55 

6.71 6.54 

2.83.1Q--b (~ 

0.00907 

~ 9. HALT. l!.fIect lol' PalladiulII. The I'late I'dl'l ww; slIpplicd bJ" 
HEHAEl'S; ti = 0,100 llllIl. \Ve found : 

TABLE VIII. 
The HALL effect for Palladium Pdpl' 

T=290 T= 20°.3 

H 
R R 

6.80 X 10-. 11.42 13.83XIO--4 i 11.54 13.98XI0--4 

9065 6.04 6.66 

9~0 . 

9160 .' 6.64 6.80 

I: 12.11 13.58 1I 12.96 13.84 

10210 iI 14.0 13.63 i! 14.09 13.14 
... __ . __ ..... _ .. ___ .'I ____ ._. __ . _____ iL ___ , ____ _ 

W 

W 

Wol 

126.2 )( 10--5 fl 

1.065 

6.11 X 10--5 .n 

0.0515 

\ 

ii 
I' 
! 

5.17 X 10--5 n 

0.0485 
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The p1a.te was ItlllJealed awl wa" kept fl'om contaet with the liqnid 
hydl'ogen in the hath hy a ('oat of eellnloid dissolved in amyl acetate. 
By immersing the same plate IInprolected in the bath, so that it 
absOl'hed a large fjnantity of hydr'ogen it was fOllnd that the ocelusion 
of hydl'ogen ('ons1é\ntly diminished the HALL eoeftieient, as is e\'ident 
fr'om a eompal'ison of the following data with those of Table VIII. 
It was observed that the change of resistance with temperature 
diminished at the same time. We found: 

at T= 200 K. 11' = 5,3.10-5 Ohm. 

then " T = 2~0" 

R = 12,0.10-4 

R = 6,3.10-4 

R = 9,4.10-4 

R = 10,4.10-4 

11' = 107. 10-5 

and again " 1'= 14°.5 

" T= 20°.3 /I' = 6,9.10-5 

1/' = 109. 10-5 finally " T= 290° 

~ 10. Surmllal',lI (~f results defûing with the change in the HALL 

eoe.fpcient .fOl' 17l1l'ious 111 eta Is. In the two subsequent Tables we give 
tigures tor the ehange in the RUI, coefficient when the tempCl'ature 
siuks to bydrogen temperatures and in the l'egion of Iiquid hydrogen 
temperatures; R is the mean vallle taken Ü'om the previons tables 
at eaeh definite temperatul'e for each substance. 

TABLE IX. 
The HALL coefficient R at hydrogen temperatures. 

T AU
pl 

Agp1 ---c~~; --:- ---Pd#-\ 
--. - ---, " -------,--- - --~~=-=-=-=-==-=:::::-::-

290° 1.24 X 10-4: 8.00 X 10-4 i 4.92 X 10-4 ' 6.15 X lO-4! 

20°.3 9.81 10.14 i 6.62 13.68 

14.5 9.82 9.91 
I 

! 6.56 
I 

i 13.85 

TABLE X. I 
RT I Change of the HALL coefficient-------

R2900 K I 
on cooling to and in the region of liquid i 

hydrogen temperatures. I 
-.-- -------~----- --;---~-_._---._-, -----,--

T AUpl AgPL_LCup~J_~dp~ 

20°.3 

14.5 

1.345 2.03 

1.335 2.05 

1.355 I 1.265 

1.355 I 1.24 
--------- ______ 1 ___________ _ 

- 21* 
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The change of the RU,L coemeient on eooling to the temperature 

f r 'd . RT=8? has been found by SMITH I) to oe o IqUi all' 
RT=293 

1.03 for Au, 1.095 for Ag, and 1.205 for Ou. 
lt seems to be of great importance that the change in thc HAU, 

coeft1cient fOl' Ag and Au takes place chietl,\' below --190° C, and 
bceomes practically constant again in the region of Iiquid hydl'ogell 
temperatures. This is also seen to be the case for palladium on 
comparison of the rcsults of experiments by BENGT BECKMAN upon 
palladium at liquid air tem pertl.tu re, whieh are not in agreement 
with those given by S~IlTH, nnd whieh wiII be published in the fOl,th
coming paper by BENUT BECKMAN. In connection with the different 
behaviour for eopper', for whieh BECKMAN has already found un 
increase in liquid air although smaller than that gÎvell by SMITH, the 
question arises if this carmot he accoullted for prineipally by the 
influenee of impurity. Experiments which we have already under
taken upon alloys in ~ 12 we give one set of results - wiIl 
enable us to decide the point. 

~ 11. Change of 1'esistance of AUpl, Pdpl , CU"I, in a 1/1agnetic 
field. 

From the measurements with these plates only approximate results 
can be obtained for th is change on account of the smallness of the 
change in the al ready ver}' small resistance. In the following table 
results which were obtained in tields of from 10000 t.o 11000 gauss 
are reduced to a standard field of 10 kilogauss. 

TABLE XI 
Change of resistance in a magnetic field 

w'TlwT 

H T Au Cu Pd 

10 Kilogauss 20=>.3 K i 1.017 1.14 I 1.0015 

1.10 10 » 

--
I 

While at ordinary temperature the change raused in the resistance 
hy the field is extremely smalI, at hydl'ogen temperatures it becomes 
quite appreciable. 

1) A. W, SMITH, Phys. Review, 30, 1, 1910, 
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lIl. Allo.l/s, 

~ 12, OoM-Silver, On account of the llsnally great influence of 
admixtul'e npon the HUI. effect and Ilpon the magnetic change of 
resistallce it was thollght desirabIe to investigate yarious kinds of 
aJloyE'-. We are already in a position to communicate details of the 
behaviour of one solid solution, viz. an alloy fOl'med by fusing 2°/0 
by volume of silvel' with gold, The exact allalysis we shall publish 
later. d was here 0,073 mm, 

TABLE XII. 
HALL-effect tor a goIá aHoy 

~~ ~-+-- ---_._---+~-- ~- ~-_._-_._---_._-_ .. _- . 

T= 290° T=200,3 T= 14°.5 

,----

RH I R 

------ -----
I 

R RH i R 

H 

i " ----

8250 570! 6.91XlO-4 6.79XlO-4 5.44 6.60XIG-4 

9065 6.31 6.96 

9360 6.90 

9760 6.75' 6.91 6.44 6.60 

10270 7.08. 6.90 7.01 6.83 6.80 6.6! 

! !l w;= 3.81XI0-4 n I W = 1.0S3XlO-4 Sl W = 1.080XlO-4 .fl 
o !W W :-- = 0.298 -- = 0.297 

!w,. Wo 
: . ___ .. __ . ____ . __ .. ___ _ ._._L __ . ____________________ .~ __ 

Here we have 

RT= 20.3 _ 0 98~ 
---_ • iJ. 

RT=290 

Rl = 14.S = 0.955. 
RT=290 

The observations show th at down to hydrogen temperatures anel 
in that region itself the HUL coeffieient deereases slightly; both 
cllli'nges however al'e so small that fhey do not exceed tbe limits of 
tbe probable error. 
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POSTSCRll'T. 

lV. Bismutlt Cl'.llstals. 

~ 13. HAl.Td~!fect in bi.smllth cl'ystals. 'Ve were not very successfnl 
\Vith some of OUI" measurements upon the rods eut in variolIs direc
tions f!'Om a cl'\'stal w hieh had been formerl v used bv \' AN EVl';RDlNGEN 

~ ~ ~ 

in his researches, and we had therefOl'e meant to postpone the com
munication of out" results uIItil we had obtained a complete series 
of determinations tOl' various positions of the a.xis; just as we go 10 

press, ho wever, Ihe important paper by .1. BECQe:I.:R~;L in the Compies 
Rendus for 24th .Juue 1H12 I'eaehes us, so that we now pubJish the 
resnlt which we had already obtained for the ease tJ'eated by LOWNDSj 

it is given in the following Tahle. 

TABLE XIII. 
HALL-effect in a Bismuth crystal with the axis perpendicular to the field. 

T= 2900 T= 20°.3 
--------------~- ---- _. --. --------~ --

H RH R H RH 
-_._.~ .~._---- - ~---,._-----

2010 20.0XIO\ -9.95 1850 18.0XIO\ +9.12 

3740 30.6 -8.18 3700 26.0 +1.03 

5810 38.6 -6.58 5800 33.6 .+ 5.79 

8250 42.1 -5.11 8700 43.7 -+ 5.02 

10210 44.3 -4.31 11080 53.1 ·+·4.79 

At hydrogell temperatures II is pmntlve alld app!'Oximates to a 
constant vahte; at ol'dinary temperat1ll'e it is RH corresponding to 
negati\"e vallles of H which appt'oaches a ('onstant value. It is possible 
that smal! impll1'Îties exel't eonsidet'able influenee upon these changes, 
and it wonld thel'efore he risky to conclude fl'om the faet that the 
\taIlle of R at hydrogen temperatlll'e whieh we have found is not 
greatel' than that fonlld lIy LOWNDS for one diJ'eetioll in liquid air, that 
no ('hange of an} importance takes place hctween the lattel' tempe
rature anel that of liquid hydl'ogen. (The resistanee measurements 
show that LOWNIJS'S bislllnth plate was freer from impurity than ours). 


