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ABEBTRA

Produetion of erystals.

Crystels of bismath of any desired orientation were grown,one half
of each normally, the other helf in a megnetic field, The orientations pre-
determined by 8 ssed crystal were not affected by this process,

Thermoenalysis of Crystals,

A method was developed to measure and loczlize any chenges of
thermoelectric properties along the lengths of crystals without applying
wochaniocal stresses to them, Distortions or imperfeetions in normal crystals
wers detectable. Changes in ¢rystal structure caused by the epplication or
variation of forees, such as magnetic fields, heat gradients, etc,., at the zone
of erystallization, were likewise detectable,

Magmetic Effect as a ‘unction of the Orientation.

DRI e Xorpe R EOIN G - Toita L § 28 Xa0ur eR0 e
He ults obtaimd on aryatal having di fferent m'ientations indicate

that theml s.meL's exist between the two halves of crystals, ummagnetic and
magnetic when the trigonal axis, the axis of least dlamagnetism, is forced to
grow normal to the lines of force. Themechanical thstabllity of these orient-
ations due to mmgnetic forces is discussed,

Effect as a Funetion of the Method of Crowth,.

The sign of the magnetic ~thermoslectric effect was found to be s
function of the growing conditions prevalling at the .w.amentx when the Tield was
energized. Continugously grown orystals, those whose g»,r;ow,th vu.sQ/ knterrupfed
to apply the field, showed diﬁerent’” sheped thermoanalysis curves £rotn discon-

tinuously grown erystals, those remelted half wey to apply the field. These



differenoes are discussed on the basis of instabllity due to heat gradient
forces.

Effect ag & Function of the Impurities in the Bismuth Usede

It was found that the mesnitude of the effect varied greatly with
the smount of impurity present in the bimmuth,being large for impure metal
and soall for pure, A spectroscopic snalysis of the four kinds of bismuth
used was completed. The total amount of impurity present in the worst sample
was less than 0,57 and yet the effeet for this biamuth was ten times greater

than that for the purest olesetrolyiic metal.

Effect as a Munction of the Fisld-strength,

It was found that a oom;»lieatsd relation exists between the magnetic
offeot, the field strength and growing conditions. Iield strengths up to
21,(?00 gauss ware employed., Vor one case investigated, the effect increased
with increasing field strength up to 15,000 gauss above which, however, 1¢

dropped off,

Effect as a Punction of the Tempersture.

The nmagnetic~thermoelectric effect, investigated as a Tunction of the

tempersture, indicates the presence of an allotropic modification of bismth
with a trangsition at some temperature between 900 and 90°.

iffect as a Function of Annealing.
Annealing erystals above the allotropic-modification transition
temperature had no influence on the variation in erystal structure producing

the effeet, as no diminmution of the thermsl e.m.f was observable.



A NEW THERBOELECTRIC EFIECT OF SISMUTH SINGLE
CRYGTALS GROWN IN A MAGNETIC FIELD.,

- By Alexander (Coetz and Maurice ¥. Hasler -

PART I, Experimental and Theoretical Considerations concerning

Thermoelectric lethod developed.

Introduetion.

In a previous PaPQ%Z one of the authors described a method of
producing Bi- gingle crystals which permits the application of strong,
transversal, magnetic fieldqét the zone of crystallization, The influence
of the Tield with regard to the orientation of the growing crystal was
studied. It was stated that the orientation frequently obtained was such
that the trigonal sxis of the growing erystal was parasllel to the lines of
force, in case the crrystal formed its first center of erystallization
within the field . This result was partly to be expeeted if one considers
the anisotropic nature of the diamsgnetic susceptibility in Bi-crystals.
Sinee this susceptibilidty is at o minimuyg along the trigonal axis and as
a mavimm in a direction normal to it, the crystasl assumes an orientation
which corresponds to a minimum of free energy. This result is in agree=-
ment witb the carly observations of PIﬁckeﬁ) and Leducgz It was, however,
unexpected that the orienténg foreces of the strongest magnetic fields
(ea 22000 Causs) did not show any effect as soon as the orientation of the
growing crystal was already vredetermined before entéring the field. Yet
for several reasons, it seemed to be interesting to investigaté whether
or not a crystal,oue hglf of which{raf grown without, the other half

ie

within a strong transversal magnetic¢lshowed any differences at all between

portions,despite the fact that the orientation remeined unchenged.



Sueh differences were to be expected when, for instance, one considers

)

such observations as those by Tierli 'concerning the Hall-coefficient of

Bi speeimens ervetellized within s strong magnetic field, A large dif-
ferenge of the Hall-sm.f, was found with regard to difference dirsetions

of the field lines crossing the solidifying speeiment, but no interpreta-

tion was possible as these sxperimenis were only of a gualitative kind
and wade on polyerystals.

Production of Crystals.

Since the method of producing bismuth singel crystals without

introducing mechanical stresses has alrsady been describe&l)s)it is

only negessary to mention how the magnetic field was applied to the
growing crystal,

The orientation of the erystal was as usual predetermined by a
gseed, Three msin orientations were grown, which represent the possible
primary relations between trigonal axis, the (111) plane, and the lines
of force (see below)e. 'Two methods of growth were employed which differ
principally both in the foreces applied tc the growing crystal at the
moment when the field was energized and in the resulis obtained.

The first, entitled the discontinuous method, consisted of two

distinet processds. & crystal was first grown completely wighout any
magnetie field pzesent‘(the residual Tield of the magnet was eliminated

by removing the pole pieces). It was then removed from the growing troush,
etched and earefully examined with regard to imregulsrities. In case

none could be detected, the erystal was put beck into the trough, which in
turn was put back into the furnace so far that only one half of the cry-
stal melted again, the temperature of the furnace being regulated so as o

bring the border between s0lid and ligquid erystal exactly in the middle of



the pole-pleces of the megmet, ‘This process had to be done very carefully
in order %o avoid irregularities along the molten parit of the erystal., As
soon as thermal equilibrium was reached, which condition could easily be

recognized since the progress of the molten region into the space between
the pole-pleces stopped as soon as the heat distribution along the crystal

beécame stable, then the magnetic Tield was excited and the driving mechanism

of the crystal apparatus started, thus the second half of the erystal re-

crystallized within a magnedic field,

The second, entitled the continuous method, allowed the growth

of the unmagnetic and magnetic portion of the crystal in one operation.

Thic was done by growing the ¢rystals in the usuel maaner but with the
pole~pieces in position, & precaution thabt was egsential as pole-piece

moving with its attendent jarring was prohibitive during crysital growth.
This method had the advantage over the other process in that the growing

forces remained undisturbed when the magnetic field was applied, In the

early work, however, it had the disadvanibage in that the residusal field

(200-300 gauss)
of the megnet/was present while the first portion of the erystal, the so-,

called unmagnetic half, was growing. Later this was eliminated by pro- v
viding a magnetic by-pass of soft iron asross the pole-pieces and above
the trough, which was removed just before the magnet was energized. All
these crystals were grown in an atmosphere of COp to prevent oxidation

80 that in this respect they also differ from thoss grown by the discon~
tinaous method,

The Tirst observation which 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, This was most noticeable in
the Py 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 recrystallizetion, as eitching off of a one mm layer does not
destroy the phenomhon. Weverthelsss, no distinet change could be ob~

served under the miceroscope.

Methods of Thermo-spalysis, Apperatus Details, Ete,

Concerning & sensitive and effective means for determining possi-

ble differences between these two halves of one and the same orystal, i¢
seemed that the measurement of the thermoelectric effect fulfilled the

requirements the most easily. Nevertheless, it was experimentally rathex

ai ffieult to perform, since it was not only necessary to measure the
thermal e.n.f, but also, to loecalize it as exactly as possible, Thus

the erystal had to be heated at & point the position of which was moved
gradually along the crystal's length. Furthermore, this had to be done
without applying avy mechanical stress to the erystal since such a

stress results immediately in & thermal e.m,T of its own.

Bl



A simple mpthod first tried was as follows: The crystal was first
protected by a coat of Dueco paint., Leads from the ends were connected %o

a galvanomster, the contacts with the crystal being kept at constant teme
peraturs. The erystal held horizontally, had a small portion heated loeal-
ly by the touch of a merfury meniscus which topped a columm of that wmetal
heated by an eleectric furnace. If the meniscus wes moved slowly along the
cerystal and the dsflections of the galvanometer were observes with relation
to the position of the heated point on the erystal, then a thermoelecirie
anglysis of each increment of length could be made, As soon as the heated
region came near the border between the "magnetie” and the normal part of
the crystal, an e.m.f was indicated, but its size could not be measured
aceurately enough inasmuch as it depended on the contact conditions of the
meniscus which could not be made reproducible. This method was therefore

soon abandoned.
The next method that was tried was to heat the erystal léeally by

foeusing the radiation of a powerful incandescant lamp upon it. This
mathod had the advenbiége over the previous one in that it was not necessaxy
to protect the surface of the erystal against emalgemation, with & coverimg

that was negessarily a poor heat conductor, A large number of observations
were made with this apparatusz, but due to certain inherent difficulties of
the method, it was abandoned, These difficulties were, for instance, pro-
viding ailr cooling of the erystal ss a whole while preventing local con-
vection curreunts at the point of heating, measuring the temperature ad
the heate’ point and preventing surface irregularities of the crystal from
nualifying results.

The final arrangement which avoided the above difficulties and
made possible quantitative measursments is sketched in principle in Fig. 1.

A eylindriecal glass-container A, 18 em long and 9 cm wide is held in the



center of a large glass-container B, 24 em wide, 22 cm long, by msans of
the bridge C. The glass tube Dy is fixed in A and brings water at a
definite temperature and under constant pressure into A, The vessel B is
also filled partially with water, the level of which determines the posi-
tion of a ring-shaped float B, Two tubes Fl and Fp, fixed in B permit the
raising or lowering of the water level of B, which in turn changes the po=-
sition of the float B. Fixed to this float E is & frame arrangement which
carrises several devices emong which are syphons Hl and H,. Both have one
end in A just underneath the water level, the other end of Hj going out-
side of B, the corresponding end of Hy ending bencath the water level in
B. The horizontgl part of both syphons is shaped to separate air bubbles
fron the flowing water, while adjustments for bringing the tubes into
‘sorrect positions with regzard to the water levels are provided. Beside
the syphons, the float earries an electrie heater consisting of a horse-
shoe~ghaped thin mieca sheet around which chromel wire is coiled., Other
mica sheets above and below insulate this heater from two thin sopper
plates which bind the wholejmaking for equal heat-distribution and
rigidity. 7This whole heater is only 1 mm thick., I%8 position with re-
gard to the frames is so sdjusted that it is slightly ebove the water level
in A when the ends of H; and }, are just beneath that level. On top of
the water in A, an oil layer of § - 10 mm thickness is put in order %o
surround the heater completely.

The arrangement works as follows: A constant flow of water is
sent inte A <filling it up to & certain point, any surplus being syphoned
off, The water level in £ is therefore determined by the position of the
syphons Hl end H, or what amount to the seame thing, by the position of the
float E in B, Thus a permsnent circulation of the water underncath the

heated oil layer results and conseguently & constant temperature., If a

T



certain amount of water is added through ¥F,, the water in B rises and with

it the float E holding the syphons and the heater. The oil layer in tum
maintains its relative position with regard to the heater since ite sup-
porting water column rises as the syphons rise. It follows that the water
has t¢ be added into B at & rate sufficlently slaﬁﬁo permit hydrostatic
eguilibrium in A, Therefore, the eross sections of Hl and Hy, are large com-
pared with the cross sections of Fy, F, and D. As an indicator of this
eguilibrium, a differential thermo-couple is alsc attached to the framsof E,
It consists of two copper wires 1,and 1y the ends of which, ending ome in the
middle of the oil-layer, the other within the water flow, are connected Wy a
very thin gonstantin wire. ghis arrengement is extremely sensitive because
the smallest displacement of the heater with respect to the oil and water lewel
changes the temperature of the 11 ~ junction and thus produces & change in
the thermal e.m.f,

The reason why the syphon H, is used besides Hl is first, to tle the
water systems of B and A together so that no appreciable differences in
levels can result, though when everything is properly adjusted this link is
largely static, and second to minimize the irregularities of the flow in Hl

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

side opening of Hj, since H, allows the large volume of B to be used as a
"shock-absorber”.,

Thus an arrangement is obtained which permits the production of a

constant gradient of temperature which caen progress regularly aslong a erystal
X hung perpendicularly into the vessel A as indicated in Fig. 1. To com~
plete the ensemble, it is only necessary to mount the crystal in s holder
which keens it in a fixed position with regard to 4, to provide connections
at both ends with a galvammster and to keea the upper contact at a constant

temperature, a temperature as nearly as possible egual to that of the water



in A, All this was conveniently done with the so-ecalled "erystal holder",
The bakelite tubew in Fig. @ carries at one wnd the adjustable Tork
X while close to the other, the elamp L,.Through J ssaled in, funs & copper
wire, the upper end of which is comnected directly with the gelvenometer.
The other end, bent, has a silver wire (o.l mm) soldered to it. Further-
more, J earries an adjustable clamping deviece M which permits one,with the
aid of a similar one on the bridse C(Fig. l)’to fix the holder into any
position desired with respect to A, To eool the upper end of the erystel,

a eoprer eylinder N is used, provided with two small side-tubings N3 end N
3 veing connected with a water reservoir possessing a constant temperature
and a constant hydrostatic pressure. In this way, a water flow is sent in-
to Ny and leaves by Ny. To fix the upper end of the erystal X in a posi.

tion within® the water flow without applying any fatal strain to i%, s thin
rubber membrafe O with a small central hole burned into it is stretched owver

one end of N, After a silver wire similar to the one previously mentioned

is spark-welded to the crystel, the hols in 0 is momentarily widened, the
crystal is introduced and the meanbrane relesased, thus forming a tight sleeve
aroung X able to withstand the water pressure in N, The silver wire protrud
ing now from the other side of W is soldered onto the copper wire P which is
fixed in the bakelite plate ¢. After a contact is thus made betwsen P and X
the plate Q is smealed tight onto N, thereby closimg the water chamber, N
and X are Tixed into the clemps L and K respectively and the siliver 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 exaetly through the central
opening of the heater., The wire P is connected throush a resistance box @ to

the galvanometer )thus compdeting the eireuit. TFig. 3 shows a photograph of



the apparatus for thermoslectric analysis and Fig. 4 & picture of a erystal
in i%s holder. It is necessary to mention that the task of mounting cry-
stals without distortion is a very difficult one and requires a special ap-
paratus which avoids eritical stresses by facilitating manipulation,

After the crystal, mounted in its holder, is fixes in the vessel A,
the different water flows are started and the fgrnace~plats is heated, in
gemeral, to a temperature 18° above the temperature of the running water.
After thermal equilibrium is reached measurements ere teken, i.6, the de-
flections of the galvanometer are measured as a function of the position of
the oil-layer relative to the erystal. Simultaneously the e.m.f of the
differential thermocouple is messured to assure the maintednance of thermal

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

Wy is the water cooling the lower end of the erystal and W, that cooling the

upper end, G; is the galvanometer measuring the thermal e.m.f of the crystal
ove

Gg¥ measuring the difference of temperature betwwen the heated oil layer .-

Qend the water Wy.

Diagram Types..

Pirst it will be considered what type of curve one would expeet to ob-
tain with this kind of an arrangement, The obvious way of plotting the dia-
grams is to represent the thermal e.m.f indicated by Gl&Fig. 5) as ordinates
and the position of the heated oil layer with respect to the crystel as abscissa.
If one considers first , the diagram that would be obtained by the thermo-
analysis of & perfectly homogeneous crystal, one realizes immediately that it
should not show any themoelectric potential. However, certain deviations
from this purely theoreticsl concept would be expected due to imperfect
cooling conditions and the heat-eonduetivity of the crystal., Hence, &
curve of the type of Fig. 6 should be expected where the dotted line would

represent a constant thermal e.m.f due 0 a slight differensce of



temperature between the two different -end cooling systems. While the
curve drawn in Tull with its deviations from linearity would be cbtained
under normal conditions, where the codling of the ends of the crystal is
not gufficient to prevent a slight heating by conduetivity through the
metal. To make this "end-effect”™ as small as possible,the crystal used
has Yo have a small eross section,

The second case to be considered is shown in Figs 7 &, which repre-~

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

mal e.n.f against sach other, In this case, & curve as shown in Fig. 7 b

would be obtained, where & maximum would permit the exaet localization of

the junction of the two halves.

Superimposed

upén
cgtm this would be the effects previously mentioned (Fig. 6) though the con-

stant thermal em.J . due to unequal end cooling would have a di fferent value

since the thermoelectric power of the two halves agginst the contact metal
would be different than in the case of a single crystal. Adso, the end

affects due t0 heat conduction would be slightly assymetrical since the two

different halves are involved. The sharpness of the maximum would depend
on the gradient of temperature along the orystal and the extension of the
heated zone, thus the former should be as large while the latter as small
a8 possible.

The third case in which the crystal consists of three
seations, the second of which has the same thermal e;m.f against the first
and third (Fig. 8 ab) would result in a curve which is more complicated.
With the heated oil layer at the junetion of part I and II, there would be
2 maximum similsr to that of Fig. 7 . Furthermore, §n 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 very much on the



relative sizes of the three sections, For & given thermoelectric dif-
ference of II)against I and III, and & glven difference of temperature in

the analyzing apparatus the maximum snd minimum would not change their

)
size as long a8 II is large enough 1o contain the whole drep of tempera-
ture given by the amalyser. If II is smeller, the maxima would decrease
and finally there is a size below which no effect whatsoever would be ob-
served. This threshold determines the resolving power of the arrangement
end depends on the construction of the analysey and on the cross-section,
thermal conductivity and surface conditions of the erystal.

This relation can be illustrated by the followiing conaiderations:
If one assumss the simple case of a double erystal, ‘infinitely long and
very thin; a very thin, heated oil-layer with an infinite graflient on either
side at one pdint of the erystal; and the rest surrounded by a medium at

constant temperature, then one can write down the eguation

:LnTe'{'%*

where r = radius of crystal _ {1)
6 = gpecific conductivity

K « gonstant (depending on surface condi-
tions of the erystal),

X = goordinate measured from the oil layer
along the crystal.

A = temperature at point (X ).
T = temperature of oil layer.
If the rather valid assumption be made that e, the thermoelectic
foree is direetly proportional to the temperature, then the equation may

be written & x

LAz Eme e (2)

where & represents value of e when heated zone is at the junction. To

=10=



construet the thermoelectrie curve, it is then only necessary to draw the
curve from equation {2) with its meximum at the point of the crystal being
analyzed, i.8. the point where the oil layer is ()4 Fig. 9.

<« ——The intersection of this curve with (@) then gives the value of e
that must be obtained at ({). If this ds done for each point along the ery-
stal the complete thermoelectric curve may be constructed. The dotted curve
in Fig. 9 corresponds to a erystalline portion of lower conductivity which
might easily result for a different orientation of the crystél.

In the'ease of a triple-crystal, the process is the same but the
curve 1s more complicated as shown in Fig. 10 a. In construeting this
dimgram, it is only necessary to subtract the intersections of the con~
ductivity lines crossing one transition from those crossing the other
since the sign of the eum.f. is negative in one case., Fig. 10 b shows
8 diagram in which the seetion II is smaller, but the oconductivity the
game as in Fig. 10 a. The last figure illustrates thus the resolving
1limit of a given arrangemenx, ds in thisccase, the two maxime almost

dissppear, It is apparent that the length of the strange section II

is related to the indicated s.m.f in the limi¢ by the relation
de : -, VE e Wy,
wiich, if the oil layer is at secition II reduces to
de = -EWY‘;—E dx

The limit of resolution is them given by a value dx which eannot
produce a measurable de,

In the deseribed apparatus,conditions ere more couplicated due
to the finite dimensioms of both the cerystal and the oil layer gradient.
The latiter can be found quite readily, however, by pubtiing a very thin
thermocouple into the thermoanalyser indéead of the Crystal. Fig. 11

shows such & curve,

P .



PART II. Experimental Results obtained for Normal and Magnetic Crystals
with a Discussion of the Same,

The Therm:@ analysis of Normal Crysials.

It is obvious that the described method of therm o analys s
can serve the purpose of detectihg and locating imperfections within
é%%rcrwstal only as soon as the size of these lmperfections is above the

resolving power of the analyser. Furthermore, it is only possible to

detect imperfections which cause a themoelectric foree, though it

seems very probable that any imperfection due to a distortion or change
in the orientation within the erystasl causes one, thé detection of which
depends only on the sensitivity of the galvanometer used., Thus this .
method is an excellent one to deteet and locate heterogeneous inclosures
and locsl plastic deformations. The latter became particularly evident
in the case of bismuth since they result in the production of twin lamel-
lae, a phenonmenon treated at length in another papeiiﬁ)

Because of the effectivencss of this method, the different means

used for the production of single-crystals were examined as to their re-

sults, and the development of a method of erystal growth,igiggiigﬁ?zg be
used in the fTinal experiments Li%egfﬂwaa guided step by step by this kind
of an analysis. First crystals grown in glass tubes by the ordinary
method ware analysed. The deviations of the thermoanalysis curves from
linearity were to be exzpected, especially as the taking off of the glass
cover ca.sed many twin lamellae., Fig. 12 shows a diagram of such a crystal,
The dotted cunve in Fig. 13 shows a crystal with one meximum due to
a magnetic effect (see later). After the analysis had been taken, the
crystal was plastically deformed just enough to produce two smell sets of
twin lamellae visible under the magnifying glass, The diagram taken after
wards is shown as the 11ned» curve where now two new maxima oceur, the

position of which coindided exactly with the loeation of the twin-sets.



Fig. 14 shows the dlagram of @ orystal of the same orientation (F )
a8 Fig., 18 as homogeneous a8 it could be produced,

Among the large number of disgrams which have been teken, it oe-
surred very often that an apparently perfeet crystel (as far as its ex-
anination after etching was concerned) showed one or more distinct
magimp. If the orystal then was cleéved at the point where a maximum had
occurred, a microscopic investigation led always to a detection of the
inclusion of a erystal of different orientation which érientation was
preferably that of a twin, Pig. 15 ,L& a microphotograph of an in-
c¢losure of that kind which shows distinetly the twinned region charascter-
ized by a regular penetration of the (111) plene throuzh the (111L) plene.
The cause of these imperfections was, in zeneral, a distmpbance (vibration
‘shock, ate) happening at the time when this section of erysital was form-
ing.

THE Thermoanalysis of "Magnetic"Crystals.

The described method of thermoanalysis was applied to erystals,
one halfl of which was grown without )ﬁha other halfl within a megnetic
field, which was the purpose for which the method was originally designeds

It was found that the border between the mhifetic and the normal half of

the same erystal was the origin of a theroelectric force. Furthermore,

the thermoanslysis gave the evidence that the origin of this force is ex-
actly at the point where the mesmetic field waa applied.

Nav@rthelses, it proved to be very difficult to measure this Torce
quantitatively amllncsf; even the sign of the force could at first be repro-
duced although e3¥ curve  showed a maximum if 1t wes not forged by ot;her\

maxime due to distortions of the kind mentioned in the previous chapter,

To obtain a higher degree of reproducibility, certsin definite



conditions were imposed, both on the growth and on the analysis of the cry-
stals. In the case of the former, Tour factors were considered in detail;
oriantation, method of growth, impurities in the metal,and field strength,.
For the lstter 1 two were considered: temperature of the analyser, and
annealing.

The actual results cobtained indicate that at least for the first
group of factors the thermoeleectric effeet is a very complicated funetion.
beapite this complexity, however, duplication of results, for any given

set of conditions, with lsss than ten percent deviation was alweys possible

which indicates that all the principle variants were being controlled,
In presenting the resulis, the effect of sach of the factors on

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

values of the other factors being given in each case., Up to date, no

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

number of valusa of each of the factors involved, thus the results piven
ean be considered as merely illustrating the type of variation to be

expected,

For all the curves to be presented unless specifically stated,
the temperature difference in the analyzer was 18° measured above tap

water . temperature of 19° to 21° Centigrade.
The ordinate scele for the eurves unless designated otherwise

is 7.8 x J.{J"6 volts per numbered #ivision. It indicates positive volts

for ineressling values,

The solid line, mid-wey along the abscissa sfale on the curves,
indicates the position where the Turnsce was at the interssection between
magnetic and unmagnetic portions of the crystal, The dotted lines indicate
the extent of_the oil layser to each side of the furnace,.

TR Effect as a Funection of the Orientation.'




As stated alresdy in a previous paperl), there ave three dif-

ferent orientations, the erystal can have with regard to the rod, or to

the direction of the lines of force, which are principelly different from
eaeh other, Pig. 16 shows the trough G dotted, and the crystal white)
the latter cut parallel to its msin cleavage plane. These three

oriantations ave:

TABLE I.
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(The third column entitled "vector” shows the direction of the heat flow and
the elecgric current during the thermo anslysis.)

Fige. 17 shows anslysis curves for crystals of these three
orientations. The method of growth employed was the discontinuous (see
Part I), the metal of purity "B" (see later), and the field-strength

21,000 gauss.

The Effect as a Funstion of the Method of Growth.

HMethods of growth employed have been described in detail in Partd

I of this paper. They were the so-called continuous and discontinuous méthods,

Fig. 18 shows curves obtained from crystals produced in these different man-
ners. %“"’ represents the former, "@a" the latter. In both these ecases, no
appreciable residual field was present over the so-called unmagnetic puytion
of the erystal. "Qg" , on the other hand, represenis a continﬁous method
result with the residusl field present during the growth of the first por-
tion of the crystal.

Tor this series, the orientation was "Py”, the metal of purity
"B" (see later) and the Tield-strength 13,800 gauss.

The Effect as a Funetion of the Impurities.

Four kinds of bismuth, obtained from different sources, were used

$0 make erystals. Table III shows the designations adopted for this work.

TABIE III.
Designation Characterization Source
TAM Bismuth C,P. Brown Corp., Philedelphia, Pa,
i Bismuth purissimum Hartmenn & Breaun, Frankfurt a,
wEw ‘ Electrolytic bismuth "
upn Bismuth "Kahlbmm2 Kahlbaum A, Ge, Adlershof.

Fige 19 a illustrates diagrams for crystals made from "A", "BY,
"C" and "D" bismuth. The orientation wes Py, the method of growth dis-

continuous and the field-strength 21,000 gauss.



Fig. 19 b represents curves for ¢rystals made from "AY, "B" and "D¥
bismuth., The orientation was Py, the method of growth discontinuous (with
no residual field) and the field strength 13,800 gauss,

Since from this work as well from papers of Bridgeman and Kapitza
it was well-known how large the influence of small impurities on the electric

effects of Bi can be, an aceurate chemical analysis of the different kinds of

bismmuth was made. The resulbs obtained showed that s very small trace of gil-

ver was present in "AY snd "B" though the smount was too small o measure
aceurately. Since this indieated that the impurities involved were only
present in extremely small amounts, a spectral analysis seemed necessary.
Drﬁl\.Badgar was kind enough %o perform this type of analysis on our different
metals, The amount of any impurity was measured by comparing the intensities
of its different lines as observed for the specimen, with the intensity of the
lines obtained from these metals by themselves in a spark, The Bismuth
eleetrodes were §repmd by putting thé metal into Pyrex tubes after it had
been ascertained that the glass did not contain any of the metals invelved

in the analysis. The resulis are given in the following table, where the
numbers give the approximate relstive intesisties of the indicated lines of

the different impurities.

TABLE IV

In general, it cen be said that the amount of impurity is probably
on the whole, smmller than 0.5 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 Az content, it compares badly, whereas
7GR is by far the purest metal.

The Effect as A Funetion of the Field-Strength.

The field-strength was capable of variation both By ehanging the



current through the msgnet and the distence between pole-pieces.

Unfortunately the latiter caused e change in the distribvution of
the Pield, so that results dtained with the same field-strength but 4if-
ferent pole-pieces distances were not direetly comparsble.

Fig., 20 showa the varistion with fleld-strength (polepiece dis-
$ance constand) in the single-valued effect obbtained for crysibals grown
with the P 5 orientation, by the discontinuous method, of metal "B".
{(See Pig. 17, Py, for typical curve.)

For the eontinuous meothod of growth, for instance, this funetion
was very complex indicating that no simple relation holds in this case,
either, as a rule, despite the curve presented.

The Effect as & Funetion of the Tempersture,

Fig, 21 shows the thermoslectric effeect between the magnetic and
the normal helf of a orystal as a function of the temperature of the ana-
lyzer. The curve was taken by  first finding the exzaet position of the
maximum e.m,f with regard %o ihe crystal (erystal of Fig. 17, Py type),
and then kééping the oil lsyer in this position while its temperature was
gradually increased,

This teapsrature function seems independent of the type of cry-
stal involved at least wlith regard to the discontinulty and general shape,
The former seems to be directly related to the allotropic itransformation
known %o take plaee, 4t some temperature vetween 75°and 907 [Cohen and
Moeavel&vl, Wuraehmidta), éoheng).}

It must be mentionsd that the temperature scale of the gagya
presented esnnot be very sccurete in its absolute magnitude as the éempera«
tures existing within the crystals msy have been appreciably different
from those measured in the oil.

The Lffect as s Function of Anneeling.,

In order to decide whether a transition occurs from "magunetic" to



normal crystal at an eppreciable rate as might be expected if the effect
were due to strains, such as magnetostrietion, for instence, specimens
.showing large effects were reinvestigated after being annealed., The
temperature of amnealing was chosen sufficiently high, above 90°, %o

ges whether the transition would occur any faster for the allotropic modi-

Tication existing above that temperature than for that existing at room

temperature.

Fig. 22 shows a diagram of & crystal analyzed the day it was
produced | Cubve  [:o; and again, one month later, after it had been annealed

for 16 hours at 100° {cwrve Z ), No change of any kind could be detected,

which indicates that any change that may have occurred could certainly not
have been greater than the experimental error in making the analysis.

The crystal used was of the Py orleatation, grown by the continu-

ous method (residuasl field present), of metal "B", and with & field-strength
of 13,800 gauss.
Discussion,

In analyzing the experimsnts performed,several interesting facts

appear, In the first place, it becomes cuite spparent that the forces act-

ing at the moment of erystallization effect the physical properties of the

final erystal materially.

If the well-known anisotropy of bismuth be considered, the
experimental results obtained can ot least be explained gualitatively. In
the first place, it is known that the diamagnetic susceptibility of bismuth
is greater normal to the trigonal exis (in the (11l) plane) than parallel
to it} secondly, that both thermmal and electrical conductivity are better
in the 11l plane than along the trigomel axis; and thirdly, that the aniso-
tropic properties of bismmuth are funetions of the impurities present in

the metal, sesming %0 increase with increasing amounts of the impurltiss



in general. The first statement has been checked at this laboratory where
experiments that will be soon published indicate that this snisotropy is
considerable. The second and third statements follow from work by
Bridgeman.3424¢) who Tinds that the ratio of the resistance along the tri-
gonal axis o that in thé 111 plene is always greater than one, and that
this ratio which is 1.27 for the purest bismuth may have velues up o 1.8

for impure bismuth.
The experiments concerning the effect as a function of the

orientetion show, a8 indicated in the curves of Fig., 17 as well as by
all other experience, that the P, orientation is the most sensitive to

the effect, that the Py, is next, and that the Py is the least, If this

sensitivity is interpreted as an instebility of the growing erystal system

in the preésence of the sunmation of the farees acting, then certain cop-

rolations follow at once. The P, and Pl orientations both have the tri-
gonal axis perpendicular o the field. Magnetically, however, the stadbdd
position is with this agis parallel to the field, P, case., Thus it is
evident that if the erystal always prefers a confi :zation with a minimum
of free energy the magnetic portions of the Py and P1 orientation should
havé different proverties then the normal erystal, This difference would
presumably csuse a thermoelectric effect, as that observed. To account for
the differences in magnitude of the e.n.f in the Py and Py case, the thermal
conductivity mnsf be considered. In the method of crystald growth employed
most of the heat was conducted along the crystal. Since the heat condueii~
vity is better in the 11l plane than along the trigonel exis, the Py and

P, orientations are the stable ones thermally, while the P; orientation is
unstable in this respect. These facts have been born out by a number of
observations such as that Pl and P, crystals are much more easily grown

perfeet, than Pq cryet&lsiand that the thermo-analysis for normal erystals



of thess three orientations always gives very smooth lines Tor the Pl and

Py type,while those for the Py type are quite irregular, Thus the
difference in megnitude between the P, and P1 case probably arises from
the fact that P, is unstable thermally as well as magnetically, while Py
is unstable only magnetically. By this sort of reasoning, ngeffect at all

should be encountered in thé P, case. The small amount that actually
seems to ocecur may perhaps be attributed to the faet that the orientations
of the erystals employed were probably not exactly Py,

Conecerning the experimenis treating the effect as a function of
the method of growth the same sort of reasoning can be applied. The re-
sults show (Fig. I8 ) that depending on the method of growth saployed
the sign of the thermoeleetric effect {indicated by the upbendingltw)’or
down bending (l:‘), of the eurve at the intersection) msy be practically
reversed for crystals of the Py orientation. This fact may be considéred

from the standpoint of heat conduction amisotropy. In the continuous
method, the heat gradient is a constant, in both megnitude smd direction
throughout the erystal's growth, including the moment when the field is

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

its magnitude and direction at the moment when the crystal-growing mechanism

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

ceivable that the cooperation of the two influences, magnetic fisld and heat
gradient, may produce eﬂ‘éets of practically different sign when the latter
is changsd, sinee it is just this latter which determines the rate of
erystallization, - an extremely importent factor. For the P, case, experience
seems 1o indicate that no large change occurs when the different methods of

growth are used as the typs of curve depicted in Fig, l'l is always obtained.



The same reason as previously mentionthhermal stability, may account for

this fact also. In a number of curves, there may be noted a secondary
effect which oceurs along the megneti€ half of the crystal., This seems
$0 be related to the position of the edge of the furnace at the moment
when the field was applisd. If, as onge of the authors hes indicated in
another paper '), a bloek phase should exist in the molten metal the
probable boundary for it would be et this fumnace edge where the tempera-

ture suddenly incrsases,

The effect as & function of the impurities shows striking varia-
tions 88 was 0 be expscted from a counsideration of the fact previously
mentionsd; namely, the dependencse of the anisotropy of properiies onm the
impurities present. Two sets of curves are presented for this case,

Figs., 19a and 10b to show that this dependence on impurities is real and
'preaista under markedly diffevent conditioms of growth, “A" and “B"™ cuwves
depieting relaﬁivuly impure metals (See speetroscopic analysis) show large
gffect while "D¥ and "C%, "C" in partifular representing s very pure meial,

show small effects., It ls interesting to note that the ratio of specific
resistances parallel to the trigonal axis and normal to it Ril/ R.L

as determined in this laboratory are for “B", l.42;for AR, l.Ss;for pm.
130 4 and for "C", 1,23, The decreasing values follow the same seguence
as the decressing thermal e,m.f's depicted in 198, The second group of
curves illustrates ancther point worth mentioning; namely, the depsndence
on impurities of the shape of the analysis curve (sign of the effect -
compare "D with "A" and "B"), A comparison of the magnitude of the ef-
fects D" in 19a with "D” in 19b shows how 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 thermoslectric

effect is a funetion hardly require discussion as they are wholly consis~



tent with the line of reasoning employed throughout,.

Before closing, some comparisons with Kepitza's worku) can be
made. Concerning his observations of the change of the resistance of bis-
mith erystals in a magnetic field, it is rather unexpected o find that
the bismuth which produced an extremely small effect (Kapitza's crystal
"B® in Li# Fig. 13, p. 407, 1. ¢) produces in our case, one of medium

magnitude, since his metal corresponds to ocur "DY, whereas his crystal "A"

which prodused large effects was of metal of the seme source as our "C% giv -
ing, for our work, the smalleslvalues., With regard to the orientation ef-
#octs, a few comparisons can also be made. Being limited to only one
direction of both the field to the 10d, and the thermoelectric current to

the rod, only one kind of Kapitza's experiments can be considered for com-
parison, i.e. where the field is normal to the current. Neglecting the

azimithal 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 P,

orientation, while the value obtained for Pl was only a fractional part of
that for Py, both facts being analogous to our results. In the case of Py

however, & larger value of R /H,than the P case was obtained, which might
: i

be interpreted as & disagreement, since our effeet seems rather uncertain
for this orientation.
Coneclusion.

Although these experiments were bégﬁn several years ago during
which time a large number of msasurements have been taken, it is not yet
possible %o come Yo amy definite eonclusion comcerning the actual ‘
meghanics of the "magnetic”™ effect.

Humerous measurements concerning the electrical conductivity,



the density, and the magnetic susceptibility were performed and are still
going on, as well as a thorough X-ray analysis of these crystals. Papers
concerning théﬁe subjeets will be published as soon as reliable results
hav§ been obtained,

In conclusion, the authors wish to express their great obliga-

tion to Dr. R., A, Millikan for the interest thaet he has talken in the

work, to Dr., R. M, Badger to whom they owe the spectroscopical analysis

of the bismuthse, to Mr, J, Pearson for his very helpful technical advice,

and to ¥r. A. Foecks for his general essistance.,
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