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A NEW 'l'HF..RMO f l JrnTRlC EFFECT OF BI~1MtJ'l'H n INGLT. CRYSTALS 
GROWN I N MAG."'TETIC Flfi:LOO. 

By Alexander Goetz and Maurice r" . Hasler. 

A 13 B T H A C T 

P]"odllot1on ot C?Zstp.~. 

Cl""'/Stala of bismuth of 8.1\Y desired orientation were grown,one half 

of' each normally• th~) other half in a m gnet1c field. •rhe orientations pre­

determine cl by a seed crystal were not affected by this process. 

'l'hermoenai,~1is ot Crystals. 

A method was developed to measure and l oc ulize any changes of 

t ?:1tn•moel0ctr1c properties nlon@; the lengths of crystals without applying 

moohan1oal streaaea to them. Distortions or imperfections in normal ory~tala 

were detectable. Changes in erystal structure caused by the e,pplioation or 

variation of forces, such as mgnetio fields, heat gradients, etc., at the zone 

of crystallization, were likewise detectable . 

Mi!§p1etio Ef:teot as a Function of tlle Orientation. 

~~~IJJ'tiO(IOttJ{)CJld;~lo.n.al1.rAtXD)rXICOfflPIX?frxtDIB­
Results obte.ited on orystal i.::. having different orientations indicate 

that thermal a .m.t•s enat between th o t-wo halves of crystals, unmagnetic and 

magnetic \,hen tho trigonal axis, 'the axis of least d1amagnetism, is forced to 

grow normal to the lines of force. 'l'ho m.echanical ,,n.atabili ty of t hese orient­

at ions due to •gnetic forces ia di~cussod. 

Effect as a Function of the f..!Jethod of Growth. 

The sign of the magnetic -thormoelect:ric effect we.o i"ound to be a 

function of the growing conditiona prevailing at tho ;:,20~:tt when the field was 

energized. Continup--msly grown orystals, those whoae g!;!;~ #t.~ l nterrup1ed 
~ 

to apply thei f' i elct . ohowed different shaped theriooanalysis curves Tt'6t1\ discon-

tinuously grown crystals, those remelted half ,vay to apply the f ield. 'I'he tie 



differences are discussed on the be.sis of instability due to heat gradient 

forces. 

It was found that t he magnitwe of the effect varied greatly with 

the amount of impurity :present in the biS11uth, being large far impure metal 

and snall for :pure. A s peotroacop1c analysis of the tour kinds of bi~mu.th 

used ns completed. 'I'1l.e total amount of impurity p:rusent in the worst sample 

was leas than 0.,5% and yet t he ef:feot for this bimuth was ten times greater 

than the.t for the purest electrolytic mtal. 

Effect as a i'ii.mction of the ll'ield-atrengtll. 

It was round that a complicated relation exists between the magnetic 

effect, the :t'ield strength and growing condi t1ons. b'ield strengths up to 

21,000 gauss were employed. For one case investigated, the effect increased 

with increasing field strength up to l ~=· ,OOO gauss above which, however, 1 t 

dropped off. 

l ttect as a l1'unct1on qf the ·r em:pera tu.re. 

The magnetic-thermoelectric efteot, investigated 55 a function of the 

tempernture, indicates the presence of &n allotropic modification of bismuth 

0 0 
With a transi t1on e.t some temperatu,re between 70 and 90 • 

Effect as a h motion of A.nneali!lf?• 

.Annealing cr;yste.ls above the allotropic-modification tre.ns1 tion 

temperature had no inf l~once on the variation in crystal structure producing 

t ho etf'ect, u no diminution of the t hermal e .m.f was observable. 



A NEW 'l'HElU)ELXOTlUC EFI?ECT OF' 6ISMUTH SINGLE 
OHYSTALS GROWN IN A 1ifAGNETIC FIEID. 

- By Alexander Goetz and Mauri ee Ii' . Hasler -~ 

PART I. ~r1mental and Theoretical Considerations concerning 
The:tn10eleotri~ Method developed. 

Introduction. 
1) 

In a previous paper, one of the authors described a method of 

producing Bi --single crystals which permits the application of strong, 

transversal, magnetic field+t t he zone of crystallization. The inf l uence 

of t he field with regard to the orientation of the growing crystal was 

s tudied. It was stated the.t the orientation frequently obtained was such 

that the trigonal axis of the growing e:rystal was parallel to the lines of 

force , in ease the crystal formed its firit center of crystallization 

wt thin the field • This res,ilt was partly to be expected if one considers 

the anisotropic nature of the diamagnetic susceptibility- in Bi-crystals. 

Since this susceptibility is at a m1nt• along the trigonal axis and as 

a mA'Umum in a direction normal to 1 t, the crystal assumes an orientation 

wlH ch corresponds to a minimum of tree energy. 'fhis resul t i s in agreo-
2) 3) 

ment with t he early observations of Plticker and Leduc • It was, however, 
' 

unexpected that the orientlng forces of the strongest magnetic fields 

(ca 22000 Gauss) did not show any effect as soon as t he orientation of the 

p,rowing crystal was already predetermined before ent•ring the field. Yet 

for several reasonn, it seemed to be interesting to investi gate whether 

or not a crystal 
I 
one half of whi oh was grown without I t he other half 

f ,eld..t 
within a strong transversal magnetfo7showed any differences at all between 

portions, desp1 te the fact that the orientation remained unchanged. 



Such differences were to be expected when, for i nstance , one considers 

such observations as those by Tieri4 )oonoarn1ng the Hall-coeffi cient of 

Bi specimens crystallized within a strong magnetic fie l d . A large dif-

ference of the Hall-O!ll. f . was found with regard to difference directions 

of tha field lines crossi ng the solidif'IJing specimen;.tp but no interpreta­

tion wa.a possible as these experiments were only of a qualitative kind 

and. made on pol.ycryatals. 

Production of Ccys tals o 

Since the method of producing bismuth singe l crystals without 

introducing n:echanical stresses has already been dascribedl)B)it is 

only necessary to a.ntion how the magnetic field was applied to the 

growing crystal . 

The orientation of the crystal was as usual predetezmined by a 

seed. Three main orientations were grown, wh ich represent the possibl e 

primary relations between trigonal axis , the (lll ) plane , and the l ines 

or force (see below}. Two methods of growth were employed wh ich di ffer 

principally both in the forces applied to the growing cryst al at the 

moment when the field was energized and in the results obtained. 

The f il'st, ant i tled the discontinuous method, consiste d of two 

distinct prooossds. A crystal was f irst grown completely without any 

magnetic field pNsent. ( the residual field oi' t he magnet was eliminated 

by removing the pole pieces). It was then removed from the growing treugh p 

etched and carefully examined with regard to irregularities. In case 

none could be detect·ed , the crystal was put back i nto the trough , which i n. 

turn was put back into the furnace ro far t hat only one half of the cry­

s tal melted a gain, t he temperature of the furnace being reg1,ilated so as to 

bring the border between solid and liquid crystal exactly i n the middl e of 



the p0le-pieees of the megm t . 'mlis process had to be done very carefully 

in order to avoid irregularities along the lll0lten part of the crystal. As 

soon as thermal equilibrium was reached~ which condition could easily be 

recognized since the progress of tm molten region into tho space between 

the pole-pieces stopped as soon as the heat distribution along the crystal 

became stable, then the magnetic field was excited and the driving mechanism 

of the crystal apparatus started, thus the seeond half of the crystal re­

crystallized within a magnetic field. 

The second$ entitled the continuous method, allowed the growth 

of the u.nmagnet1c and magnetic portion of the crystal in one operation. 

~~is was dofie by growing the crystals in the usual manner but with the 

pole-pieces in position, a preca:ution that was essential as pole-piece 

moving with its attendant Jarring was prohibitive during crystal growth .. 

This method had the advantage over the other process in that the growing 

forces remained undisturbed when the magnetic field wa.s appl~ed. In the 

early work, however, it had the disadvantage in th.at the residual f'ield 
(200-500 gauss) 

or the Illll.gnet/was present while the first portion of the crystal, the so- ;, 

celled unmagnetio half, was growing. Later this was eliminated by pro­

viding a magnetic by-pass of soft iron across the pole-pieces and above 

the trough, \'\hich was removed just before the magnet was energized. All 

these crystals were grown in an atmosphere of OOe to prevent oxidation 

so that in this respect they al$0 differ from those grown by the discon­

tinuous method,. 

The first observation whieh was made on crystals produced by the 

discontinuous method with fairly high fields was the difference in re­

flectivity of light between the two halves . 'rhis was most noticeable in 

the Pi orientation, i.e. 'Where the (111) plane is parallel to the lines of 

force. It seems improbable that this difference was due entirely to the 



second reerystallizetion, a.a etching ott of a one mm layer does not 

destroy the phenomenon. Nevertheless, no distinct change oould be ob­

served under the microscope. 

Methods of '1'hermo-analyais 1 Ap;ea.ratus Details, Etc . 

Concerning a sensitive and eftecti ve means for determining possi­

ble ditferenees between these tv.o halves of one and the same cry atal, it 

seE'Jtned that the measurement of the thermoelectric effect fulfilled the 

requirements the most easily. Nevertheless, it was experimentally rather 

difficult to perform, st nee it ,rae not only necessary to measure the 

thex-mal e.m.f, but· also, to loeal.1ze 1t as exactly as possible• Thus 

tho crystal had to be heated e.t a p0int thf :;>:position of which was moved 

gradually along the crystal's length. Furthermore, this bad to be done 

without applying any mechanioal stress to the cr;vetsl since such a 

stress results illmlediately in a the:rmal e.m. f of its own. 

-3'-



A simple method :f':i::rat tried was as follows: The c1·yste.l ws.a first 

protected by a coat of Duco :paint . Leads from the ends were connected to 

a galvanometer, the contacts with the crystal being kept at constant tem-­

perature. The crystal held horizontally, had a small portion heated local­

ly by the toucll of a mew-SU:cy raeni scus which topped a eolunm. of that metal 

heated by an electric furnaeee If the menism1s was. moved slowly along the 

crystal and the deflections of the galvanometer were observed with relation 

to the position of the heated point on the crystal, then a thermoelectric 

analysis of each increment of length could be made. As soon as the heated 

region ca.me near ·the border between the "magnetic" and the normal part of 

t he crystal, an e.m. f was indicated, but its size could not be measured 

accurately enougil inasmuch as it depended on the contact conditions of the 

meniscus which could no t be made reproducible . This method was therefore 

soon abandoned. 

The next method that was tried was to heat the erystal l &eal.ly by 

focusing the radiation of a powerful inoandescant lamp upon 1t . 1'his 

method had the adv~ir,tage over the previous one in that 1 t was not necessary 

to protect the surface of the erystal against amalgamation, with a coveri~ 

that was neoessa:rily a poor heat eonduetor. A 183:'ge number 01' observations 

were made with this apparatust but due to oertain. inherent difficulties of 

t he method 9 it was abandoned. These difficulties were, for instance, pro­

viding air cooling of the crystal as a whole while preventing looal con­

vection currents at the point of heating, measuring the temperature at 

the heated point and preventing surface irregularities of tho crystal from 

nulify1ng results. 

'l'he final arrangen1ent which avoided the above difficulties and 

made possible quanti·tat1ve measurements is slcetchecl in principle i n Fi g . l. 

A cylindrical glass-container A, 18 em long and 9 cm wide is held i n the 



center of a large glass-container B, 24 em wide, 22 em long, by means of 

the bridge o. The glass tube Di is fixed in A and brings water at a 

definite temperature and under eon.stant pressure into A. The vessel Bis 

also filled partially with water, the level of which determines the posi• 

tion of a ring-shaped float E. Two tubes F1 and F2 fixed in B permit the 

rai.sing o:r lowering of the water level of B, whioh in turn changes the po­

sition of the float E. Fixed to this float E ia a frame arrangement whieh 

carries several devices among which are syphons H1 and H~. Both have one 

end in A Just tmderneath the water level, the other end of H1 1:.~ing out­

side of B, the corresponding end of H2 ending beneath the water level in 

..... 
B. The horizont~l part of both syphons 1smaped to separate air bubbles 

from the flowing water. while adjustments for bringing the tubes into 

eorrect positions with regard to the water levels are provided. Beside 

the ayphona, t he float carries an eleetrie heater consisting of a horse­

shoe- shaped thin miea sheet around which ehromel wire is coiled. Other 

mica sheets above and below insulate this hoater :from two thin copper 

plates which l)ind the whole , making for equal heat-distribution and 

rigidity. This whole heater is only l mm thick9 Its position with re­

gard to the :frame i s so adJustea. that 1 t is slightly above the water level 

in A when the ends of H1 and !12 are just beneath that level. On top of 

the water in A, an oil lsysr of 5 - 10 mm thiokness is put in order to 

surround the heater completely . 

'1'he arrangement works e.a follows: A conste.nt flow of wnter is 

sent into A filling it up to a certain point, any surplus being syphoned 

oft. 'I'he water level in A is therefore determined by the position of the 

syphons H1 and H,a or what snount to the some thing, by the position of the 

float E in B. Th.us a permanent circulation of the water underneath the 

heated oil layer results and consequent]¥ a constant temperature. If a 



certain amount of water is added through F
1

, the water in B rises and with 

it the float I~ holding the syphons and the heater. The oil layer in turn 

maintains its re lative position with regard to the heater since its sup­

porting water eolumn rises as the syphons rise. It follows that the water 

hrui to be added into B at e. rate suff'iciently alowfo permit hydrostatic 

equilibrium i n A. 1~erefore, the cross sections of H1 and H2 are large com­

pared w1 th the cross sect ions of F1, F2 and D. As an indicator of this 

equili br1um, a differential thermo-couple is also attached to the framaof E. 

It consists of two copper wires 11 and 12 the ends of which, ending one in the 

middle of the oil-layer, the other within the water flow , are connected by a 

very thin -nstantin wire. \'his arrangement is extremely sensitive because 

the emallost di'splacenwnt of the heater w1 t h respect to the oil and water level 

changes the temperature ot the 11 - junction and thus producee a change i n 

the thermal e.m.t. 

The 1·eason why the sy-phon Ifs is used besides H1 is first , to tie the 

water systems of Band A to&vether so that no appreciable differences in 

levels can result, though when everything is properly adjusted this line is 

largely static, and second to minimize the irregularities of the flow in H1 

caused by small differences in the surface tension of the water at the out-

side opening of H1 , since H:a allows the large volwm ot B to be used as a 

"shock-absorber". 

Thus an arrangement is obtained which permits the production of a 

constant gradient of temperature which can progress regularl y along a crystal 

,'f: hung perpendicularly into t he vessel A as indicated in Fig . l. To com­

plete t he ensemble, it is only necessary to mount the crystal in a holder 

which kee;)S 1 t i n a fi xed position with r egard to A, to provide connections 

at both ends w1 th a galvanozooter and to keep the upper contact at a constant 

temperature, a temperature as nearly as possibl e equal to that of the water 



in A. .A.11 this was conveniently done with the so-called ••crystal holder" . 

"-Jl 
The bakeli te tube"'Y .ln Fig . 2 carries at one <IDd the adjustable fork 

K while close to the other, the ala.mp L.~hPOugh J sea.led in, runs a copper 

wire, the upper end of llhich i.S connected. directly with the galvanometer . 

The other end, bent, has a silver Wire (o . 1 mm) soldered to it . Further­

more , J carries an adjustable clamping devi ce M which permits one
1

with the 

aid of a similar one on the bridge C(Fig . 1) to fix the holder into any 
I 

position desired with respect to A. To cool the upper end of the crystal, 

o copJ,e r cylinder N is used, provided with two small side-tubings N1 and Ne. 
. "19 

N1 being connected with a water reservoir possessing a constant temperature 

and a oonstant hydrostatic pressure. In this way, a water flow is sent in-

to Ni and leaves by N2 • To fix the upper end of the crystal X in a posi­

tion within :• the water flow without applying any fatal strain to it, a ·thin 

rubber membr&Jle O with a small central hole burned into it is stretched over 

one end of N. After a. silver wire eimiler to the one _previously mentioned. 

is spark-welded to the cry1.rtal, the hole in O is mmentarily widened, the 

crystal is introduced. and the menbrane re l eased, thus forming a tight sleeve 

arou.ng :X abl e to withstand the water pressure in N. The s il wr wire protrud 

ing now from the other side of N is so l dered onto the copper wire P which is 

fixed in the bakelite plate Q. Atte:r a oontact is thus made between P and X 

the plate Q is sealed tight onto N, thereby clostmg the water chmnber . N 

and X are fixed into the clamps L and K reepeetively and the silver wire at 

the lower end is also spark-wilded onto X. The whole arrangement is then 

put vertically into A in such a way as to bring X exactly through the centra~ 

opening of t he heater . '11he wire P is oonnected throu eh a resistance box (ai) -t~ 

the galvanometer )thus oompiieting the circuit. Fig. S shows a photograph of 



the apparatus for thermoelectric analysis and Fig. 4 a picture of a crystal 

in its holder. It is necessary to mention that t he task of mounting cry­

stals without distortion i s a ver.r difficult oru1 and requires a special ap-

J,:Bratus which avoids critical stresses by facilitating manipule.tion. 

After the crystal, mounted in its holder, is t.ixes in the vessel A, 

the different water flows are started and the furnace-plate is heated , in 

gene.re.l , to a temperature 18° above the temperature of the running water. 

A:f'ter tr.ermal equilibrium is reached measurements are taken, i.e. the de­

flections of the galvanometer are n:easurect as a function of the position of 

the oil-layer relativ.e to the crystal. Simultaneously the e.m.f of the 

dH'f'erantial· thermocouple is measured to assure the me.inte.tnance of thermal 

equilibrium. Schematically, this is shown in Fig. 5 where X: is the crystal, 

w1 is the water cooling the lower end of the crystal and W2 that cooling th e 

upper end, G'l is the galvanometer measuring the thermal e.m.f' of the crystal 

G~easuring the differen.CEJ of temperature betwwen the heated oil layer .:tft~, 

~nd the water W1• 

First it will be considered what ty'pe of curve one would expect to ob­

Jain with this kind of an arrangemnt. The obvious way of. plotting the dia­

grams is to represent the thermel e.m.f indicated by o1,F1g. 5) as ordinates 

and the pOsition of the heated oil layer w1 th re-spect to the crystal as abscissa. 

If one considers first , the diagram that would be obtained by the t her w..o­

analyeis of a perfectly homogeneous crystal, one realizes hmediately that it 

should not show any the:nnoelectrio potential. However, certain dev1at1ons 

from this purely theoretical e oncept v«>uld be expected due to imperfect 

cooling oondi tions and the hoat-oonducti vi ty of the crystal. Hence, a 

curve of the type of Fig. 6 should be expected where the dotted line would 

represent a constant therm.al. e.m.f due -w a slight difference of 



temperature between the two different -end cooling systems. While the 

curve drawn in full with its deviations f:rom linearity would be obtained 

under normal conditions, where the cooling of the ends of the ceyetal is 

not sufficient to prevent a slight heati.ng by cond uctivity through the 

metal. '110 make this "end-effect" as sinall as possible, the crystal used 

has to have a small cross section. 

The second ease to be considered is shown in Fig. 7 a, which repre-

sents an unhomogeneous crystal consisting of two halves which have a ther-

mal e.m.f against each other. In this case, a curve as shown in Fig . '/ b 

would be obtained, where e. maximum would permit the exact localization of 

the Junction of the two halves. -, : 

upc>n 
~ this would be the effects previously mentioned (Fig. 6) though the con-

stant thermal em.f. due to unequal end cooling would have a different value 

since the thermoelectric power ot the t\'110 halves agfinst the contact iretal 

would be different than in the case of a single crystal. Ailso, the end 

effects due to heat conduction would be slightly assymetl'ical sinoe the two 

different halves are involved. 'rhe sharpness ot the maximum would depend 

on the gradient of temperature along the crystal and the exteneion of. the 

heated zone, thus the torn.er should 'be as large while . the latter as small 

The third case in which the crystal consists of three 

sections, the second of which has the same thermal e.m.1" against the first 

and third (Fig. 8 ab) would result in a curve which is more complicated. 

With the heated oil layer at the junction of part I and II, there would be 

a maximUm similar to that of Fig. 7 • J!'urthermore, On reaching the transi­

tion from II to III, the same. thing would happen but in the opposite direc­

tion. Of course, the shape of the whole curve would depend veey muoh on the 



relative sizes or the three sections. For a given thermoelectric <lif­

terence of II,against I and III, and a given difference of temperature in 

the analyzing apparatus, the :maximum and minimum would not change their 

size as long as II ts la:rge enough to contain the whole drop of tempera­

ture given by the analyser. If I.I is smaller, the maXlllna would decrease 

and. fine.113 there 1e a size below whioh no effect whatsoever would be ob­

served. This threshold detexmines the resolving power of the arrangement 

and depends on the construction of the analyser and on the cross-sect:lon, 

thermal eonducti vi ty and surface oondi tions of the crystal. 

Thi a relation can b.e 1lluatrated by the tollolil.ng considerations: 

I f one assuroos the simple ease of a double crystal, infinitely long and 

very thin; a very thin, heated oil-layer With an infinite gralient on either 

side at one p~int or the crystal; and the rest surrounded by a medium at 

constant temperature, then one oan write down the equation 

=t, .. Te-lh" 

where r = radius of crystal 

6 = specific conductivity 

/( m con-at11nt (depending on aurtaee condi­
tions of the crystal). 

~ = eool'dinate meaeured from the oil layer 
along the Cl"Y'Stal. 

:,t • temperature at point ( >C ) • 

T = temperature of oil layer. 

(1) 

lf the rather valid assumption be made that e, the thermoeleotlio 

force is directly proportional to the temperature, then the equation may 

be written 

(2) 

where ~ represents value of e when heated zone ie at the junction. To 

-10-



construct the therlllOelectrio curve, it is then only necessary to draw the 

aurve from equation (2) with its maximum at the point of the crystal being 

analyzed, i.e. the point where the oil layer 1s (e) ;Fig. 9. 

:~ :- .,· -~, -- 1'he intersection of t his curve with (3) then gives the value of e 

t hat must be obt ained at tC. ) . If this is done for each point along ·the c1-y­

stal the complete thermoelectric curve may be constructed. The dotted cur ve 

in Fi g. 9 corresponds to a crystalline portion of lower conductivity wh ich 

might easily result for e. different orientation of the crystal. 

In the case ot a triple-crystal, the process is the same but the 

curve is more complicated a.a shown in Fig . 10 a.. In constructing t his 

d1agramt it is only necessary t o subtract the intersections of the con­

ductivity lines croasing one transition from those crossing the other 

since the sign of' the er• .:r. is negati w in one case. Fig. 10 b shows 

a diagram in which the section II is Elllaller, but the oonductivity t he 

SSJOO as in Fig. 10 a. The las·t figure illustrates thus the resolving 

limit of a given arrangement, ta.a i n this r: case, the two maxims. nlrnoat 

disappear. It is apparent that the length of the strange section II 

is related to the indioated ,;i.mof 1n the limit by the relation 

c- .J;_ e-~r-' ~ J.. e = - i;;..-4 v~ ~ 
which, i:f. the oil layer is at section II reduces to 

~ e. = - E ~ YJ; ii >t 

The limit of resolution is then given b.r a value fut which cannot 

produce a measurable de, 

In the described apparatus,conditions are more complicated due 

to the tini te d.imensiotus oi' both the crystal and the oil layer gradien·t . 

The latter can be found quite readily, however, by put-ting a very thin 

thermocouple into the thermoru:i.alysar ind~aad of the Crystal . Fig. 11 

shows such a oul'Ve. 

_,, _ 



PART II. Experimnte.l Results obtained tor Normal and Magnetic Cry-stals 
w1 th a D1scuss10.!!_,2.f the Same . • ~ 

It is obvious that the descr ibed method of therm 'o anal.ya a 

oan serve the purpose of detecting e.nd loco.ting imperfections within 
a.., 

ene-c~rstal only as soon as the size of these imperfections is above the 

resolving power of the analyser. Furtherm:,re, 1 t is only possible to 

detect 1mpertect1on.s which cause a t hennoeleotric force, though it 

seems very probable that any imperfection due to a distortion or change 

in the orientation within the crystal causes one, the detection of which 

depends only on the sensitivity of the galvanoiooter used. Thus this 

method is an excellent one to detect and locate heterogeneous inolosures 

and looa.l plastic deformationa. The latter became particularly evident 

in the case of bismuth since they result in the production of tWin lamel­
l) G) 

lae, a phenomenon treated at length in another paper. 

Because of the effeCtivene as of this method, the different means 

used for the production o:f' single-crystals were examined as to their re­

sults, and the development ot a method of crystal growth, ~ be 

used in the final experiments t~~f was guided step by step by this kind 

of an analysis. First crystals grown in f-lass tubes by tho ordinary 

method we.re analysed. The deviations of the thermoanalysis curves f'rom 

linearity were to be expected, especially as the taking ott of the glass 

cover ca,1eed many twin lamellae. :b,ig. 12 shows a diagram of such a crystal. 

The dotted cµnve in Ii'ig . 13 shows a crystal wi"t;h one maximum dua to 

a magnetic ettect (see later). After the analysis had been taken, the 

crystal was plastically deformed just enou @')l to produce two anall sets of 

twin lamellae visible under the magnifying glass. The diagram taken after 

war ds i s shown as the lined. curve where now two new maxima occur, the 

pos t tion of which ooin41dod exactly with the location of the twin-sets. 



Fig. 14 shows the diagram of a orystal of the same orientation ( P~) 

as Fi g . 15 a s homogeneou~i as it eoul(1 be produced. 

·Among the large number of diegrame \vh ieh have been taken , it oe ... 

curred very often tha.t an apparently perfect or.1stal (as far aa its ex­

amination after etohing was oonoerned} showed one or more distinct 

maxima. If the crya·tal then was cleaved G. t th.-, point where a niaxi mum had 

occurred, a m:teroscopic 1nveeti~tion led always to a detection o:r the 

inclusion of a orystal. of different orient ation which trientat1on was 
. 

preferably that of a twin. Fi g . 15 ::,l.1,&1r,, a microphotograph of an in-

closure ot that kind wh1Ch shows distinctly the twinned region charaeter-

1zed. by n regular penetration ot the (lll) :plane t hrough tho (111) ple.ne. 

The ce.uee of these u-iperfectionr. was, 1n general, e. distubance (vibration 

shoek, eto) happening at the time when this section of crystal was form-

'IHE 'ffi~anfW'sia ot "ldae;p,etic"C_q;st~l-1. 

'lbe described method of thermoanalys1s was ~plied to ceystals 9 

one half of' whieb was grown without 
1
the other half within a magnetic 

field, which woe tho purp~e.• for which the method was originally designed. 

I~ was foU9d that the • border bstween the ~tic and the normal half of 

the sa100 crrstal was the origin or a t hemioelectria force. lt"urtherroore, 

the thermoanslysis gave the evidence that the orig in of this force is ex­

actly at the point where the magnetic field was applied. 

Nevertheless, it proved to be very difficult to measure t his force 

quantitatively and not even t he Si gn of the force could at first be repro-

d d e.l 
,.eAclN ' 

uae • tho~ .e:1-1' ou:rvec showed a maximum 1 f 1 t wns not fogged by other 

maxima due to distortions of the kind mentioned in the previous chapter. 

To obtain a hiP.",her degree of :reproducibility, certain definite 



conditions were imposed , both on the growth and on the analysis of the cry ... 

atalso In the ease of the fonner , four factors were considered in d.e'tail; 

oriantation, method of growth, impurities in the metal ,and field strength. 

For the latter 1 two were considered: temperature of the analyser, and 

annealing. 

The actual r esults obtained indicate that at least for the first 

group of factors the t 11erm:ie leotric ef:f'eet is a very complicated function . 

Despite this complexity, however, duplication of results, for any given 

set of cor..ditions, with less than ten :percen;t deviation was always possible 

which indicates that all the principle variants were being controlled. 

In presenting tl~e results, the effect of each of the factors on 

the thermoelectric e.m. t will be considered separately, the stationary 

values of the other factors being given in each ease . UJ) to date , no 

attempt has been made to systematically evaluate the effect for a large 

number of values of each of the factors involved , thus the results given 

ean be considered as merely illustrating the type of variation to be 

expected. 

For all the curves to be presented unless specifically stated, 

0 
the temperature difference in the ano.J,yzer was l8 measured above tap 

wa·oor.temperature of 19° to 21° Centi grade. 

The ordinate seele for the curves unless designated otherwise 

is 7 .8 x 10-e vol ts per numbered livision. It indicates positive volts 

for increasing values. 

The solid line 0 mid-way along t he abscissa sfale on the curves, 

i ndicates the position where the furnace was at the intersection between 

magnetic and unmagnetio portions of the crystal. The dotted lines indicate 

the extent of the oil layer to each aide of the furnace. 

'.ltl:IE Effect as a Function of the Orientation. 



As stated already in a prev.1.ous paperl) t t here are three dif-

f erent orientati ons , the crystal can have with regard t o the rod, or to 

the direction of the lines of force, which are principally different from 

each other. Fig . 16 show(; the trough G dotted, and the crystal white·~ 

the latter cut pa.l"allel to its main cleavage plane. These three 

orientations are: 

-Trigonal Axis t=c =s ·': 111 plane -Pe .. ~ 
Name t _ro d I field jveeto1· ii r o i field 'veeto1' • - --rr·-

1 ..1... l J... ! .l. d 11 II II 
pl J ~ i' i- _{ 

! I 
' l f 

II 
l 

..l 11 ..L II 
~ ..L l 

i 2 . 
I 

..L ,, ! l. JI ..L Pa II t ·, ·, 
! i 

~ ' J 



(The third colwnn entitled "vector" shows the direction of the heat flow and 

the electri c current during the t hermo analysis . ) 

Fig . 17 shows analysis cu:r.ves for crystals o f these three 

orientations. The method of growth employed was the discontinuous (see 

Pa.rt I)• th e me tal of purity "B" (see later), and the field-strength 

21 0000 gauss. 

'n,.e Effect as a Fune-tion of the Method of Growth. 

Methods of growth employed have been described in detail in Part 

! of this · pa.per. They were the so-called continuous and discontinuous methods
0 

Fig. 18 shows curves obtained from crystals produced in these different man­

ners. "Ii' re pre sen ts the for mar, "$a," the latter. In both the ee cases e no 

appreciable residual fiel d was present over the so-called unmagnetic pow·Uon 

of the crystal. "~·:5" , on the other hand, represents a con·tinuous method 

result with the residual field present during the growth of the first por­

tion of the crystal. 

r or this aeries, the orientation was "P3 ", the metal of purity 

~B" (see lat er) and the field-strength 13,800 gauss. 

The Effect as a Function of the D$?urit1es. 

Four kinds of bismuth, obtaimd from different souroes, were used 

to make crystals. Table III shows the designations adopted for this work . 

Desietion 

"A" 
"B" 
non 
·•ot, 

TABIE III. 

Charaoterize.tion_
4 

_________ So_u_r_c_e _____ ~_ 

Bismuth C.P. Brown Corp., Philadelphia, Pa. 
Bismuth purissimum Hartmann&:. Braun, Frankf'urt a , 
Ii!leetrolyti c bismuth " " 
Bismuth "Kahlba~ Kahl baum. A.G., Adlershof. 

Fig . 19 a illustrates diagrams :f'Or crystals made from "A", "B" , 

110'' and ''D" bismuth. rl'he orientation was P3 , the method of growth dis­

continuous and the field-strenith 21,000 gau ss. 



Fig . 19 b represe nts ourves i'or crystals made from "A" , "B" and nD" 

bi smuth. The orientation was P3 , the method of growth discont inuous (with 

no residual field) and the field strength 13,800 gauss. • 

Since from this work as well from papers of Bridgeman and Kapi t za 

i t waa well-known how large the influence of small impurities on t he aleetric 

effects of Bi can be, an accurate chemical analys is of t he different kinds of 

bismuth was mde. The results obtained showed t hat a very small trace of si l -

var was present in " A" and "B" though the amount was too small to measure 

accure:bely. Since this i ndicated that the impurities inwlved were only 

presen t in extremely small amounts, a spectral analysis seemed necessary . 

Dr.Rfi\ Badger was kind enough t.o perform this type of analysis on our different 

metals. Th.a amount of any impurity was neasured by comparing the intensitie s 

o f its different lines as observed for the specimen, with the intensi ty of the 

lines obtained from these metals by themselves in a spark. 'l"he Bismuth 

electrodes were prepared by putting th• metal into Pyrex tubea aft er it had 

been ascertained that the glass did not contain any of the metals involved 

in the analysis. The results are given in the following table, where the 

numbers give the approximate relative intesisties of the indicated lines of 

the different impurities. 

TABLE I V 
to ott•tJo•••••••••• 

In general, :it can be i:,ai d that the amount of 1mpur1 ty is probably 

on ·the whole, smaller than o.5 percent in the worst case which is "B" . It 

is smaller for "A" which contains less Pb. "D" differs from "B" in its 

smaller content of Pb, though in its Ag content, it co:m:par~s badly, wmreas 

"C" is by far the purest iootal. 

!!:_8- Effect as A Function of the Field-Strength. 

The field-strength was capable of variation both vy ehang ing t he 



current through the magnet and the distance between pole-pieces. 

Unfortunately the latter caused a. change in the distribution of 

the field, s o that results cbtaine d wJ:th t.b.e same field-strength but dif­

ferent pole~piecea distances were not directly comparable. 

Fig. 20 shows the variation with field-strength (pole:,ie-ce dis­

tance constant} in the s i ngle-valued effect obtained for crystals grown 

with the P 3 orientation, by the discontinuous method, of metal "Bn. 

For the continuous method of growth, for instance, this function 

was very complex indicating that no simple relation holds in this ease, 

either, as a rule, despite the curve presented. 

The E:ttect as a Function or the T~nn~rattll'$. - I 

Fig . 21 shows the thermoelectric effect between ·the magnetic and 

the normal half of o. crystal as a function of the ten:g;,erature of' the ane.­

J.yz~i:. The curve was taken br,~:trst finding the exact position ot· the 

maxi.mm e .m. t with regard to .the crystal ( crystal of Fig. 17, P3 type), 

and then keeping the oil J.ayer in this position while its tempe:ra>rura we.ta 

gradually iner~ased. 

This temperature function seems independent of t he type of cry­

stal involved at least with regard to the discontinuity and general shape . 

The former seems to be directly related to the allotropic transforroo:tion 

known to take place , 4-t 

Y.oesvelo.7 ) , Wuraohmidt8 ), 

. o d o f tome temperature between 75 an ~o. L Cohen and 
• . ) 
Cohen

9 
• 1 

It must be mentioned that the temperature scale of the (;~e 
<~<f 

presen:ted eannet be very aeoux-ate in its absolute 1nagni tude as the tempera­

tures existing within the crystals may have been appreeiably different 

from those measured in the oil. 

In order to deei de whether a tra:n.si tion occurs from 0 ma.gnetic., to 



normal crystal at an ~P:PNCiable :rate as ndgl'tt be expected if the effect 

were due to strains , such as magnetostriction, for instance, specimens 

showing large eftects were rei~vesttgated after being annealed. 1'he 

temperature of annealing was chosen sufficiently high, above 90°, to 

see whether the transition would occur any faster for the allotropic modi­

fication existing above that temperature than for th~t existing at room 

temperature. 

-Fig. 22 shows a diagram ot a crystal analyzed the day 1 t was 

p;roduced i. .<?r.U.t",Vd d 01 and again, one month later, after it had been annealed 

fol' 16 hours at 100° ( 'C.W.tV.e1 ~ ; } • No oh~e of any kind could be deteeted, 

which indicates that any change that may have occurred could certainly not 

have been greater than the experimental error in mru::ing the analysis. 

The crystal used was of the P3 orientation, grown by the continu-

ous method { :residual field present ) , of metal "B", and With a f'ield--strength 

In analyzing the experiments performed, several interesting facts 

appear. In the f irst place, it becomss qu ite apparent that the forces act-
1 

i~ at the !JlOment of crystalli~ation e:ftect the phyeiea1 :properti~s of the 

final crystal materially. 

If the well-known. anisotropy of' bismuth be considered, the 

eXperimental results ob,te.1ned can a~ least be explained quali ta.tively . In 

the first place, it is known that t he dimnagnetic susceptibility of bismuth 

1 s greater normal to the trigonal axis ( in the (111) plane) than parallel 

to it; secondly, that both thennal and electrical conductivity are better 

in the lll plane than along t..'1.e tr.t.gom l axis; and thirdly , that the aniso­

tropic p:roparties of' bismuth are functions o:f' the 1mpur1 ties present in 

the metal, seeming to imrea.se with inereasiv..g anioun·ts o.f the impurities 



in general . The first statement has been ehec~ed at this laboratory where 

experiments that will be soon published indicate that th i s a.11 isotropy is 

considerable. '.I'he second and third statements f ollow from work by 

Bridgeman / !O}, . ) who finds that the ratio of the r esistance along the tri-

gonal axis to that in the 111 ple.ne i s always greater than one, and that 

t his ratio which is 1.27 for the purest bismut h may have values up to 1.6 

for impure bismuth. 

The experiments concerning the effect as e function of the 

orientation shov,, as indicated in the eurves of Fig. 17 ss wall as by 

all other expe:rien-ce, that the P3 orientation is the most sensitive to 

the effeet, that the P1 , is next, and that the P2 is the least. !f this 

sensi ti Vi ty is interpreted as an in.etab;_ l1 ty of the growing crystal system 

i n the presence of the summation of the farces acting, then certain cor-

relations follow at once. The P3 and P 1 or1en tati one both have t .he tri-

gonal ans perpendicular to the field . li/Iagneticall;v , however, the s-tabie 

position is with this nins parallel to the field , P2 case . Thus it is 

evident that if the crystal always prefers a confi[L3'!ation w1 th a minimwn 

of pee energy- the magnetic portions of the P3 and P 
1 

orientation should 

have different properties than the normal crystal. This difference woul d 

presumably cause a thermoelectric effect, as that observed. To account fol., 

the differences in ma&,1itude of tbe e . m. f 1n the P3 am P1 case, t he the1'mal 

conductivity must bo oonsidered. In the method of crystd growth employed 

most of the heat was conducted along t he crystal. Since t h e heat condueti­

Vi ty i s better in the lll plane than along tho trigonal e.xia, the »1 and 

P2 orientations are the stable ones thermally, while the P3 orientation is 

unstable in this respect . These tacts have been born out by a number of 

observations such as that P1 am P£ crystals are MUeh more easily grown 

perfect, than P3 cryst&ls • and tba t the thermo-analysis tor normal crystals 
l 



of these three orientations always gives very smooth lines for the P
1 

and 

P2 type , while those for the P3 type are quite irregular. Thus the 

di :f'terence in magni tttde between the P3 and P case pr· obably arises from 
1 

the fact that P3 i s unstable thermally as well as magnetically, while P1 

is unstable only magnetically. By this sort of reasoning, nq'effect at all 

should be encountered in the P2 case . The small amount that actually 

seems to oocur ma.v ;perhaps be e.ttri buted to the fact that the orientations 

of the crystal.a employed were probably not exactly P2 • 

Concerning the experiments treating tb.e effect as a func'tion o:f.' 

the method of gl'Owth the same sort of :reasoning can be applied . 'l'he re­

sults show (Fig. Ii ) that depending on the method of growtp employed 

the aign of the thermoeleetri c effect ( indioa ted by the upbending ~ +) or 
' I I 

down bending ,t -), of the cu.rve at the intersection) may be practiee.lly 

reversed for crystals of the P3 orientation. This :t'act may be oonsidered 

fi'orn. the standpoint of heat oonduetion anbotropy-. In the continuous 

method, the heat gradient is a. constant , in both megni.tude and dirGction 

throughout the crystal's growth , including the moment when the field i s 

applied; while in the discontinuous method, the heat gradient is ehang1ng 

its mgni tude and direction at the moment when the erystal-gz-owing mechanism. 

is stuted, which is just when the field is applied. It is certainly con-

ceivable that the eoopera:tion of the two influences, rm.gnetic field and heat 

gradient, IDE\Y produce effeets of practically different sign when the latter 

is changed, since i t is just this latter which deterruinea the rate of 

crystallization, - an extremely important factor . For the l?1 case , experience 

seems to indicate that no large change occurs when tbe d1ft'erent methods of 

growth are used as the type of eurve depicted in Fig. 11 is always obtained-



The same rea$0n as prev1ou$ly mention~ tl:ennal atabili ty, may account for 

t his fact also. In a number of curves; i there may be noted e. secondary 

etteot which occurs along the magnetU' half of the crystal . This seems 

to be related to the position of the iedge of' the furnace at the moment 

when the field was applied. If, as one of the authors has indicated in , ) 
another paper , a block phase should exist in the molten n:.etal the 

probable boundary for it would be at this f'uruaoe edge where the tempera-

ture suddenly increases. 

The effect as a tu.notion of the impurities shows striking varie.-

tions as was -~o be expected tx-om a oonaideration of ·the tact preViously 

mentioned; namely , ·the dependence of the anisotropy of properties on the 

impurities present.. Two sets of ourves are presented for this case, 

F.'iga. l9a and l9b to show that this dependenc0 on impurities is real and 

presists under markedly dU'ferent conditions of growth. "A" and "B',. cnmves 

depicting relatively impure metals (See spectroscopic analysis) show large 

ei"fact while '1D" and 0 0", ttC" in parti~r representing a very pure .metal , 

show small effects. It is interesting to note that the ratio of specific 

:tesistances parallel to the trigonal axis and normal to it R 11 / I~ .L 

as determined in this laboratory are for "B", l . 42 ;for ff.A" , 1 . 38; for "D", 

1.50 ; and for "C", 1 . 23. The decreasing values follow the same sequence 

as the decreasing ther.m.al e.m. f's depicted in 19&. The second group of 

curves illustrates another point worth rr~ntioning; namely , the dependence 

on impurities of the shape of the analysis curve (sign of the effect -

compare "D" with "A" and "B'* ) ~ A comparison of the roagn.1 tude of the ef­

fects fD" in l9a with "D" in 19b shows hall sensitive the thermal e .m.f can 

be for a change of conditions of growth when certain impurities are :present. 

The results for the other factors of which the thermoelectric 

effect is a function hardly require discussion as they are whol.ly oonsis-



tent with the line of reasoning employed throughout. 
ll} 

Before closing, some comparisons with Ka.pitza•s work / can be 

made . Concerning his observations of the change of t he resistance of bis­

muth crystals in a magnetic field, it is rather unexpeeted to find that 

the bismuth which produced an extremely small effect (Kapitza•s crystal 

"B" in hit Fig. 13, p. 40'1, l. c) produces in our case, one of medium 

:magnitude, since his metal corresponds to our "D", whereas his crystal •tA" 

which produced large effects was of metal of the same source as our 1109' giv r­

ing, for our work, the smallesTvalues. With regard to the orientation ef­

fects, a. few comparisons can also be mde. Being limited ·to only' one 

direction of both the field to the rod, and the t hermoelectric current to 

the rod, only one kind of l<apitza's experiments can be considered f or com­

parison, i.e. where the field is normal to the current. Neglect ing the 

azimuthal effects which seem in our case small, at best, comparison shows 

that the largest value obtained of the ratio R / R. is for our so-called P3 

orientation, while the value obtained for P1 was only a fractioMl part of 

that for P3 , both facts being analogous to our results. In the case of P2 

however, a larger value of R /R 0 than the P case was obtained, which might 
1 

be interpreted as a disagreement, since our effect seems ra·ther uncertain 

for this orientation. 

_Conclusion. 

Although these experim:lnts were b~~ several years ago during 

which tine a large number of n:easurements have been taken, it is not yet 

possible to come to aey definite oonclusion eoneerning the actual 

mechanics of the "magnetic" effect. 

Numerous measurements ooncern1ng the electrical cond ucti vi ty , 



the density, and the magnetic susceptibility were performed and are still 

going on, as well e.s a thorough X-ray analysis of these crystals. Papers 

concerning these sub,1eots will be published aa soon as reliable results 

have been obtained. 

In conclusion; the authors wish to express their great obliga­

tion to Dr. R. A. Mi llikan for the interest that he has taken in the 
. . ·,. · 

work; to Dr. R. M. Badger to whom they owe the epectroecopical analysis 

of the bismuths, to Mr. J. Pearson for his vary helpful technical advice, 

and to Mr. · A . Focks for his general e.ssistanoe. 
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