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ABSTRACT 

An exper i mental apparatus capable of measuring voltages in t he mtcro-

+ -9 volt regi on \'lith an accuracy of M 5 . 10 volts is used to determine the 

temperature variation of resistivit y and Hall coeff i cient of t hree specimens 

of i odide titanium. These specimens are of comparable purity (r oom t empera• 

ture to liquid helium temperature resistance ratio near 30) and possess a high 

degree of preferred orientation. The measurements are made at t emperatures 

between 4 . 2 and 300°K. 

The Hall coefficient is found to depend strongly on temperatur e and 

-11 crystall ine texture . At room te~perature it has a value of · 1 . 8 x 10 

3/ -11 m coulomb in two specimens , whereas i n the t hird it equals + 1 . 2 . 10 

m
3
/coulomb . Several factors including impurities , changes in the scatter i ng 

mechanism, size effects , crystallographic anisotropy , which could account for 

t he observed differences , are discussed and it is proposed that crystallographic 

orientation is the most influentia l factor . From the measured data and a 

phenomenological theory of the Hall effect developed in the case of single 

crystals , values of the components of the galvanomagnetic tensor , which re-

places t he scalar Hall coefficient of isotropic media , are calculated and dis-

cussed in connection with a possible model of t he Fermi surface of titanium. 

Only tentative conclusions can be drawn from the present experimental 

investiga tion and no definite explanation can be offered for t he diff erence 

in the signs of t he t wo principal galvanomagnetic coefficients . Additional 

measurements on single crysta ls and extension of these measurements to h i gher 

t emperatures , as well as investigations of other properties of titanium 

(topol ogical measurements i n particular) ~~st be made before a more compre-

hens i ve band model of titanium metal can be established . 
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1. IN'l'llODUCTIOK 

The possibility of an effect of a maanetic field on the process 

of electrical conduction waa first auggeated by W. Thomson in 1851 

when he noticed a variation in thermoelectric power of magnetized 

iron when the orientation of the magnetic field was changed. In 

1858 tbe discovery of an increa~e in resiativity in the presence 

of a maanetic field opened the field of galvanomagnetic and thermo­

magnetic effact8. However, no transverse effect waa discovered 

until 1879 when E. H. Ball measured a transversa electric field in 

thin gold platea(l). In 1883 A. ti&hi found a siad.lar effect in 

bismuth but a thousand timee atronger than in gold. Since then 

the Hall effect baa been meaaured in many materiale,especially 

metals,and theories have been proposed to explain it in the light 

of the electron theorie~ of transport propertiea. The interpretation 

of experimental measurements led to quantitative determination of 

certain important parameter• of these theories. 

In the Hall effect a current carrytaa conductor ia placed in 

a transverse magnetic field. An electric field, called the Hall 

field, appeara in a direction perpendicular to both the eagnetic field 

and the current flow. In many cases thi• field 1a proportional to the 

masnetic field atrength and the current den•ity. The proportionality 

constant or Ball coefficient combined with the electrical conductivity 

yielda information which is useful in determining the densities, 

mobilitia• and exact nature (electron& or holee) of the charge carrier» 

responsible for electrical conduction. Metallic conduction is 
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characterized by a small Hall coefficient which changes little with 

temperature and a resistivity which increases with temperature. In 

order to explain the sign, magni tude , temperature and magnetic field 

dependences , a detailed band model for the conductor has to be used . 

Since the Hall effect allows estimates to be made of t he number 

of conducting particles per unit volume and their sign, this measure-

ment is expected to be helpful in the determination of the rather 

complicated band structure of the transition elements. In these 

metals both electrons and holes contribute to conduction and thus 

no quantitative information can be obtained from Hall ef f ect and resist ivity 

alone. n\eir temperature dependence can lead to further information on 

the electronic structure . In particular, the question of how many of 

the outer electrons are actually "free" , i.e., are responsible for the 

metallic properties of these elements, might be clarified. The Hall 

coefficient has been measured at room temperature for the elements of 

the first transition period(2): it is positive and large for chromium, 

positive and intermediate for vanadium and manganese, posit ive and small 

for iron, rather small but negative for cobalt and nickel (Fig. 1). 

For titanium it is small but its sign is not established with certainty . 

The present investigation was undertaken in the hope of finding 

an explanation for the contradictory data on Hall effect published for 

titanium. Besides the uncertainty in the sign of the Hall coefficient, 

its variation with temperature could not be characterized by a single 

curve (Fig. 2) . G. Scovil ( l) reported first a positive value of the 

-11 3 0 Hall coefficient : R e (2.8 ± 0.9) x 10 m /coulomb at about 100 C. 
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This value was explained by an overlapping of the energy bands and 

a predominant contribution from holes . In a later series of measurements(4 ) 

0 over a temperature range from 300 to 1100 K, the Hall coefficient was 

found to reverse its sign from negative to positive at 675 + 30°K . Just 

above room temperature its value is -2.0 x 10-ll m3/coulomb: it increases 

smoothly with temperature and equals +3.5 x 10- ll m3/coulomb at 1100°K. 

This behavior was attributed to anisotropic thermal expansion causing 

a change in the shape and mobilities in the 3d band . The relative 

proportion of electr ons and holes may vary , causing the Fermi level to 

shift such as to decrease the density of holes and thus increase their 

mobility. As temperature increases the cont ribution of holes becomes 

predominant. This interpretation accounts also for the temperature 

dependence of the electrical resistivity. 

S . Foner ( l ) studied three sheet specimens at room temperature. 

In the three cases the Hall voltage was found to be rigorously proportional 

to the applied field but the Hall coefficients were d i fferent: 

Specimen Treatment Ball coefficient 

-1.06 
-11 

I as machined X 10 

II annealed for 2 hours at 600°C - 2 . 59 X l0-11m3/ Cb 

III annealed for 6 hours at 800°C +1 . 02 '" A 
10-11 

The differences between the three specimens were attributed to impurities 

and differences in the preparation of the samples. The small magnitude 

was thought to be due to the balancing effect of holes and electrons in 

the overlapping 3d, 4s and 4p bands. Negative values were correlated 

with commercial grade titanium(S). 
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More recent data are provided by the work of T . G. Berlincourt(6). 

Five samples were studied between 1°K and room temperature. The Hall 

voltage was a linear function of magnetic field strength at all 

tempera tures. However, the data revealed a great sensitivity of the 

Hall coefficient to impurity content. It was also suggested that 

preferred orientation contributed to the broad spectrum of observed 

values. The temperature dependence of the Ball constant was ~eak in 

the residual and linear res istivity temperature regions and strong 

near 30°K. 

The purpose of the present study was to investigate t he 

influence of preferred orientation on the Hall effect and possibly 

to detect any crystallographic anisotropy which could account for 

the scattering in the experimental observations. 



- 6 -

.2 • FORMJLATION AND NEASUREt.mNT OF nlE HALL EFFECT 

2.1 Definitions and Notations 

Consider a conductor having the shape of a rectangular parallele-

pipad and a carte$ian system of coordinates the axes of which are 

parallel to the edges of the specimen (in practice a long thin plate). 

A current of uniform densit y J flows in the x direction and a magnetic 

field of intensity His applied parallel to the z axis (Fig . 3a) . 

An electric field En appears then in the y direction. 

2 . 11 The Ball coefficient 

In most instances the Hall field Ea is proportional to the current 

density J and the magnetic induction B, which for most practical cases 

is numerically equal to the applied field H. The phenomenon can there-

fore be characterized by the value of the proportionality constant ~: 

En • RaJB 

In practice one measures the transverse voltage between A and B and the 

total current I through the sample.· Then the Hall coefficient Ru is 

defined by: 

since I • btJ and v8 • b~ ; b is the dimension of the sample in the y 

direction, t its thickness in the z direction; Ra is characteristic of 

the material and usually a function of temperature only. It is 

commonly expressed in the two following units: 
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-in practical units t is expressed in em, B in gauss, I in 

amperes and v
8 

in volts. Then Ia is in volt-centimeter 

per ampere-gauss. 

-in the MKS system t is given in meter£, B in weber per 

square meters, I in amperes (absolute), v8 in volts. 

Then Ra is expre$sed in cubic meter per coulomb (m
3
/Cb). 

1 m3/Cb • 100 V em 
amp. gauss 

The sign of the Hall coefficient is defined in Fig. Jb. For identical 

carriers a free electron model gives for the Hall coefficient(]) 

_1_ 
Nee 

in which N is the carrier concentration, e the carriers' charge and 

c the velocity of light. If electrons are mostly responsible for the 

electrical properties, Ra will be negative. It is positive if holes 

are predominant. · 

2.12 Other quantities related to the Hall effect 

The Hall effect can also be described as a shift due to the 

magnetic field of the equipotential surfaces in the conductor. In the 

absence of the magnetic field, in an isotropic medium, these surfaces 

are planes normal to the x axis along which the current is flowing. 

When the ~gnetic field is applied, electric vector and current density 

are no longer collinear. In first approximation, neglecting t he change 

in res istivity, this fact is expressed by writing 
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E 0.: ~ <o> 1 + ~ i x r 

In the absence of the magnetic field only the first term is present. 

A measure of the Hall effect is then the angle If which exists bet ween 

the electric field and the current lines (Fig. 3c). This angle is 

defined and expressed in terms 

E 
tan I.D • __.:t. • 

I E 
X 

by the following relation: 

• r-B 

On a single band model t" is the mobility of the charge carriers and lf 

is called the Hall angle. It is sometimes useful to use a Hall 

resistivity or conductivity by expressing J in terms of E. 

where ~ is the ordinar y conductivity. and a-H the Hall conductivity. 

The Hall resistivity can be defined by EY • f a J x . One frequently 

employs the Ball mobility ~H defined by 

l'LH • c <r Rn ~is the ordinary conductivity. 

In the following sections only the Hell coefficient Ru will be 

considered. 

2 .2 Ani s otropic Hall Effect 

Experimental investigations of the Hall effect, especially in 

single crystals, have shown that Ia is not always independent of 

magnetic induction. Furthermore most materiels are not isotropic . 

Therefore a more general formulation of the Hall effect has to be 
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developed. Scalar quantities like ~ and Ra have to be replaced by 

tensors. In the remainder of this section we consider only the case 

of single crystals for l-rhich a phenomenological theory of the Hall 

effect has been obtained. 

2.21 Galvanomagnetic coefficients 

Consider a rectangular plate cut from a single crystal of a 

conductor. Two systems of coordinates can be attached to it. The 

experiment gives quantities in the xyz system, the axes of which are parallel 

to the edges of the specimen. Intrinsic properties of the material 

are better described in the system of coordinates x1x2x3 constituted 

by the conventional principal crys tallographic axes associated with 

the sywmetry elements of the crystal. A method is now presented 

which al lows the intrinsic characteri~tics of the Hall effect to be 

obtained from quantities measured in the xyz system. 

Most generally, the Hall effect has been described as a change 

in the relationship between the electric field and the current density 

under the influence of an applied magnetic field. In the ab sence of any 

thermal gradients, even in zero magnetic field, these two vectors are 

not collinear in the case of anisotropic media. The components of t he 

electric vector are given by: 

.. 1 .. 1,2,3 k- 1,2,3 (1) 

where a summation over k is implied (Einstein's summation convention) . 

(>ik is the resistivi ty tensor. This relation takes the same form in any 
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.system of coordinates . The components ~ik, ho~.Yever,. differ f rom one 

sys tem to another . For the sake of c larity we assume t hat unless other-

wise specified, all equations are vrritten in the x
1

x
2

Jt
3 

system. 

If an external magnetic field is then applied, equation 1 i s still 

satisf!ed ,but the components of the resistivity tensor become functions 

of the ~gnetic induction. For small magnetic fields each component 

e ik(B) can be expanded in a power seri es(S , 9) 

i,k ,e,m ••• take independently the values 1, 2 and 3 . Rik e , RikQ. 
m. • • 

are called galvanomagnetic coefficients . Most of the observations 

can be accounted for by keeping only the first two terms of t he 

expanaion: 

(3) 

In equation 3 ~ik stands for e ik(O) ,the resistivity in zero magnetic 

field . In this form the Hall effect is proportional to both current 

and magnetic induction. If this is not verif ied by experiment, higher 

order terms have to be kept in the expansion. In this form, however, 

Hall effect and magnetoresistance are not di~tinguished . In order to 

separate them1one has t o divide ~ik(B) into its symmetri c and anti-

synmetric parts 

~ik c 5 ik(B) + aik(B) 

1 
where s1k(B) a ski(B) • 2 (~ik + e ki) • sik(-B) and a1k(B) • -ak1 (B) • 
1 2 (~ik- ~ ki) = - a1k(- B). The parit y and &ymmetry characters f ollow 
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from Onsager's reciprocal relations. With these definitions, 

aikJk is a generalization of the Hall field and reverses it::; sign 

with B. s1kJk is the ordinary e l ectric vector modified to take 

magnetoresistance into account. It is even in B. The Hall effect 

is t hen t he antisyruruetrical part of ~ik (B) or the fraction of e
1
k(B) 

whi~h cha~~es its sign when reversing B. The non zero components of 

becomes 

(5) 

-R is the vector of components R1 and is designated as t he Hall vector. 

Thisformulation is physically more significant and can be used to define 

more meaningful galvanomagnetic coefficients. 

(10) . 
T. Okada rewrites equation 5 in an equivalent f orm, with 

a slightly different notation. 

(6) 

f ij (B) is the magnetoresistance tensor (resistivity tensor modified to 

take the change in resistivity with magnetic field into account). 

~(B) a r e the components of the Hall vector (k ~ 1,2,3), f ijk is the 

Kronecker sntisyametric symbol and equals 1 if ijk is 123, 231, or 312 , 

-1 if ijk equals 3~ 1 , 213 or 132 and u otherwi~e. 

For small magnetic inductions, ~ij(B) and ~(B) can be approximated 

by power series 
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E>ij (B) '"' ~ij (O) + fij . nmB B + rnn 

R. (B) ao R. .B + R... B B B + . .• -K -K.m m -K.mno m n o 

(7) 

If we keep only first order terms, the electric field components 

become : 

which is equivalent to equation 3 if we replace ~ijkJj~.m by 

R. . . In both cases magnetoresistance effects are completely 
l.Jm 

(8 ) 

i gnored . The tensor ,quantities introduced as coeffic ients in the 

power series 7 will also be referred to as galvanomagnetic coeffi-

cients . In the first order the Hall effect can be described by the 

second r ank tensor ~.m' which has nine components . I f the Hall 

field i s not proportional to B,higher order galvanomagnetic coeffi-

cients like ~ can no longer be neglected. The number of -1t.mno 

independent components of the galvanomagnetic tensors depends on 

the macroscopic or point-group symmetry of the cry3tal. I n cubic 

crystals R.. has only one independent component. The HAll effect -at.m 

is therefore isotropic in these cry'stals if it is proportiotWl to B. 

This ia no longer true if higher order tensors have to be introduced 

because t hey are not isotropic. The effect is always anisotropic for 

non cubic crystals because ~. m already has less symmetry. Consider 

now a case Hhere equation 8 can be used. It can be written 

where Ep is the primary electric field assumed unaltered by the 

magnetic field: EPi = ~ij(O) JJ is Ohm's law; 1a is the Hall field . 

It changes sign when B i s reversed. 
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The advantage of the tensoria l formulation is that relations 

between physical quantities take the same for m in any system of 

coordinates . One of the equationa cont ained in 8 gives an e~;pression 

of ~Y in the xyz sys tem 

E a {R J -R J )B + (R J -R J )E + (Rx . ~Jz-Rz . &Jx)Bz Hy ~ -~ z z . x x x x . y z z . y x y ~ ~ ~ 

(9) 

Thi~ is the c olll?onent which appe&ra bl!tween A and B (FiG . 3a) . In 

an actual experiment J y = J z • 0 and Bx a 

reduce:. t o 

E._._ y or::: -R. J B 
ti z . z X Z 

From equations 8 and 10 

B • O. y 

E.__ = E (B)-E (u) • -R J B -Hy y y z . g X Z 

Then equation 9 

(10) 

( 11) 

This equat·ion sbous how the experi.men t can lead to a value for R z.z 

\>tbicb pl ays t he r ole of -~ introduced in section 2 . 11 . With the 

same a s sumptions the other c omponent s of the Hall field are 

E.__ m B (& J -a J ) D 0 IRx z z . z y y . z z 

E.__ = B (R J -R J ) = Ry . zJxB~ IRZ Z y . z X x . z y ~ 

Using the laws of transformation of tensors with rotation of the 

coordinate sy::>tem -;.,.•e can e..xpress R in terma of the " intrins ic '' 
z . z 

galvan.omagnetic coefficients Rl.l' Rl. Z , etc •.• (which are nothing 

but the components oi the tensor R. in a preferred sy!ltem of 
K. m 

coordinates , namely, the princ ipal axes ~1x2x3) . The change of 
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coordinate system can be written by means of a 3 x 3 unitary matrix: 

-A is a vector of components A.xAyAz in the xyz system and A1a2A3 in 

the x1x2x3 system. .e1m1n1 are the direction cosines of . the x axis in 

the x1x 2x3 syste::n . J, Hh.ich is direc t ed along this axis, has then as 

components in the system of the crystallographic axe~: 

In this systeu1 the component_, of the Ha ll field are: 

3Y ., nl&l (B) - e1a3 (B) 
J 

X 

(12) 

~ • -ilR2 (B) - ~kl (B) J 
X 

The component measured in the y direction is 

(13) 

Substitute the expressions 12 into equation 13 and recall that the 

trans formation matrix is uni tary . Finally one gets 

"14) 

v1ith the assumption that equation 8 holds, 
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But B ia directed along the z axis . Therefore 

Thus 

or grouping terms ih a different way: 

R ... -z . z 

( 15) 

This equation relates the Hall coef f icient measured as describ e d 

i n ~>ectiou 2 . 11 an.d -:alculate d from equation 11 to t he galvano-

magnetic coefficients . If six it1depe11dent orientations can he ' 

f ound .and R me . .:!sured for all six orientations • the six independent z.z 

quantitites ~ ca n be determined . 
K. m 

2 . 22 Galvanomagnetic tensors for the point group n6h 

Pure titanium has a hexagonal close-packed structure in the 

temperature range illVestigated. Its Laue poi nt-group syiiiilletr y. which 
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determines t he number of independent components of the galvano-

magnetic tensors is D
6
h or (6/m)(2/m)(2/m). The pri•~ipal cryatal­

lographic axes are: ox
1 

and Ox2 parallel to two perpendicul ar two­

fold axes; 0x3 is parallel to the six-fold axis . 

As seen in the previous paragraph. the Hall field ~ can be 

written as: 

Ea1 a \ jkJjl1t(B) 

v11 th Il.. (B) -= Jt.. B + R. B B B + -1<. -"k . m m -"K.mno m n o For the point group of 

i nterest the number of components oi these two tensors is suff iciently 

.small so that one can ~1rite the expressions explicitly . Although it 

does not come in here, we shall first mention the resistivity tensor 

~ij (0) . It has two independent components: ~ll .,. ~22 '"' !?.Land ('33= e11 • 
All non diagonal e lements are zero . 

The tensor ~ is also diagonal and has two independent -t< .m 

components: 

The subscrip~lland L mean that the magnetic induction B is parallel 

or perpendicular to the six fold axis x3 • The tensor R.. is more K. mno 

complicated but the subscripts relative to the magnetic field can be 

transposed: 

~.t'IDO a ~< .nOm a ~ .omn e ~.nmo "" ~ .non c: ~. Otlm 

The components can thu3 be arranged in a t.:1ble of three rov!D (kC'Il,2 ,3) 

end ten columns, each colur.m corresponding to a different arrangement 

of the three indices mno . 
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mno 111 112 122 222 113 123 223 133 233 3 33 

k .. l Rl.lll 0 
1 
JRl.lll 0 0 v 0 Rl.l33 0 0 

k• 2 0 
l 
J'Rl.lll 0 R.l.lll 0 0 0 o . 

Rl . l33 0 

kIll 3 0 0 0 0 R3.U3° a3.113 0 0 R3.333 

There are four independent components for which we shall use the 

s implified notation: Rl.lll., R1 , R1 •133• R2 , RJ.llJ= R3 , R) .J))c R4 • 

The three components of the Hall vector are t hen : 

3 2 a1(B) • -a~ B1 + R1(B1 +B1B2 } 

3 2 a2 (B) • -R..!... B2 + R1 (B2 
+B2B1 ) (16 ) 

Plug these expressions into equation 14 using also t he values of 

(17) 

Al l six galvanomagnetic coef f icients can be obtained by measuring t h e 

Hal l coef f icient in the usual manner for six diff erent, independent 

or ienta tions . 

A more general form of equation 16 could have been obtained by 

choosing B in an arbitrary position in t hey& plane. B1 , B2 and s 3 

would have been expressed in terms of B and B instead of just B • z y z 

The expres sion of Ru would have been mor e complicated. Furthermore 
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the presence of a component of the magnetic field in the plane of the 

sample gives rise to the so called ''planar Hall effect' ' which produce~ 

an electric field which adds to t he proper Hall field . 

In order to define the Hall coefficient Ra only t he component 

~Y has to be considered. However, in anisotropic media the Hal l 

fie ld is not directed in the y direction. It has other components 

which can be written out in terms of the galvanomagnetic coefficients 

a s well. From equations 12 we can obtain the other t wo components in 

t he xyz system 

Using equation l~ ~z can be written in terms of R~ &11 R1R2R3 and 

a4 in a strai ghtforward fashion . This component i n t he z di rec tion 

is due to t he planar Hall effect just mentioned . This effect produceG 

a component in t he y direction (which would t hus lead to an erroneous 

Hal l coefficient) only if t he magnetic inducti on has a component in the 

p lane o f the specimen. 

A similar development could have been carrieri out on t he other 

par t of the electric f ield, namely, EPi • ~ij(B) J j . Expressions for 

the magnetoresistance involving ~ij (O) and ~ ij . mn would have been 

obtained . 
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2 . 23 The Voigt-Thomson formula 

In the case of titanium the earlier investigations have shown 

tha t the Hall effect isstrictly proportional to the magnetic field. 

It is therefore adequately described with only the first order 

galvanomagnetic coef ficients. Equation 8 can be used, or equati on 3, 

which is equivalent. Combining this equation with the results of 

the previous section, we shall develop a very simple formula for t he 

Ha l l coeffic i ent. Following Oka da 's analysis we wr ite t he Hal l 

fie ld 

By carryi~ out the same steps that lead to equa tion 15 or ~pplying 

this equation directly, we obtain 

R.__ • .h. "" 
-li J B 

X Z 
(18 ) 

Thi s f ollows a l s o from equation 17 where one sets R1• R2cR3•R4•u. 

In Kohler's treatment, the Ha l l f ield is written 

For the point group D6h the tensor Rik~ has only s ix non zero 

components of which only t wo are independent . 
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The components of the Hall field are then: 

By replacing the Rijk in terms of R u and R~ we obtain exactly the 

same expressions for iKi as above . Experimentally one measures 

Eay with Jy • Jz • 0 and Bx • By • o. Then 

R J B yxz x z 

Ellz .. 0 

The Hall coefficient determined experimenta lly is therefore R • It 
yxz 

is related to a. 11 and R .L by the transformation l aw of th e third rank 

tensors: 

or 

(19) 

which is of course identical with equation 18 . 

Describe the relationship between the xyz and x1x2x3 systems by 

means of the Euler angles ¢ ~ 't' (Fig. 4) . 1> is the rotation of 

x
1 

x2 x
3 

about Ox3 bring ing Ox2 into Oy'. UJ is the r otation of 



x, 

-22~ 

z 

y 

Y' ---

X 

Fig. 4. The two ayst~ of coordinate• attached to a 
ai~le crystal Hal l plate. Euler angle& 

edses of the plate 
crya t alloaraphic axea 
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the new system about Oy' which brings 0x3 into Oz. ~ is a rotation 

about Oz bringing Oy ' i n coincidence with Oy . Under these c i rcum-

etances , the direction cosil14S of Oz with respect to t he x1x2x
3 

system. are: 

~3 • sin"'-' cos ; ~ • sin w sin ; n3 so cos OJ 

Substituting these values into equation 18 we obta i n the well•known 

Voigt-Thomaa formula 

2 2 cos w + R .1... sin \A) ( 20) 

wher e w is the angle between t he magnetic field (Oz) and the principal 

axis of the crystal ( Ox
3

) . This is the forl!l.lla that we will use later 

to determine R 1\ and R .L from measured ~. 

Consider now the planar Hall effect . In t he Okada formul a tion 

Euz • Ry . z3x8z .. ( ( 2 { 3 + ~m3)R.l + n2n3R I\ 

If the medium were isotropic Euz • ( ~ 2 ~3 + ~~ + n2n3) R. • 0 . In 

t he Itohler formulation , however , we have just seen that Eaz • 0 even 

for non isotropic media. Tnia method ia therefore restricted to the 

proper Hall effect and bas less generality. 

2 . 3 Conventional Method of Measuring the Hall Effect 

The Hall effect was first measured using a r ectangular sheet 

sample . The geometrical arrangement of current, magnetic f ield and 

potential probes is sketched in Fig . 5 . This conventional IDitthod 

using direct current is still much in use and has been chosen in this 

study. I t will therefore be discussed to show its principal features 

and limitations . 
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2.31 Experimental conditions 

If the voltage measured between A and B ia to represent truly the 

Hall effect , a certain number of experimental requirements have to be 

satisfied. Different results are obtained depending on whether the 

measurement is carriad out under isothermal or adiabatic conditions. 

In the absence of special precautions the voltage between A and B is 

the combined result of several gal vanomagneti c and thermomagnetic 

eff ects. Only if the temperature is maintained uniform and constant, 

t he true i sothermal Hal l effect is measured and the results of section 

2 . 2 are applicable. In practical situations, however, a longitudinal 

t emperature gradi ent is produced a t the current electr odes E and F by 

the Peltier effect . t he electrodes are usually of copper; not the 

same material as the sample . One end is warmed , the other cooled 

producing a heat flow along the plate . Arising from this gradient, 

the Nernst effect produces a transverse emf which is measured together 

with the Hall voltage. A transverse temperature gradient is also 

established . It has its origin in the Ettingsllausen effect of the 

electrical current and t he Right-Leduc effect of the longitudinal 

t emperature gradient <8>. 
If the Hall probes ·are of a material different from t he sample , 

these temperature gradients produce a thermoelectric potential difference 

which reverses with current and magnetic field in the same way as the 

Hal l voltage . If one measures a Hall current inst ead of the voltage, 

this current generates a t r ansverse Peltier effect, t hus changing the 
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temperature gradient due to the Ettingshausen effect. To eliminate 

most of these errors or reduce t hem to an acceptable level, one can 

choose among the following remedies: 

a. eliminate the current contacts by using induced currents, 

b. measure the Hall voltage by a null method (compensat ion 

method), 

c. reverse I and B rapidly: temperature gradients reverse 

wore slowly than the Hall field, 

d. thermoelectric voltages do not reverse with the current 

and are eliminated by reversing the current and averaging , 

e. use Hall probes of t he same material as the sample: t hen 

no t hermal emf appears due to the Ettingshausen effect and 

no Peltier effect due to the Hall current, 

f. most of the spurious emfs can be avoided by placing the 

sample in an isothermal bath. They can a lso be eliminated 

by combining reversal of the current and the magnetic field. 

In practice a comproadse has to be found such that the effects not 

eliminated are negligible or can be compensated for. The observed 

voltage is thus very close to the isothermal Hall voltage even though 

t he conditions may not be perfectly isothermal. 

If the voltage appearing between A and B when t he magnetic field 

is turned on has to be due only to the Hall effect, in addition to 

the precautions mentioned above, one has to realize zero potential 

difference between A and B in zero magnetic field. If this is not the 

case, t he SL."Wll l voltage existing before the field is turned on will be 
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affected by the magnetic field and a part of the longitudinal effect 

is incorporated in the Hall measurement . It is therefore recommended 

to align A and B on t he same equipotential before B is applied . Only 

then Vy (B) -Vy (O) is ~ good measurement of VH. n~e small contribution 

of the longitudinal ma.gnetoresistance can be elimina·ted by averaging 

V (B) and V (-B) or by using a three probe geometry (see section 3 . 23 y y 

below) . 

2.32 Corrections due to the size of the specimen 

So far t he Hall effect has been described for homogeneous samples . 

Corrections may be necessary when working with an inhomogeneous 

conductor. In the case of iodide titanium we shall assume that this 

consideration can be left out , the sampleu being homogeneous and pure 

enough . Ot her requirements for a valid application of the formulas 

given in section 2.1 are more difficult to satisfy . Tiley concern 

mostly the dimensions of the sample. The lines of primary current 

flow must be parallel . This is true only if the plate is infinitely 

long and of uniform thickness. 

Two sources of error are related to the thickness . A nonuniform 

thickness makes t he interpretation of t he Hall coefficient measurements 

very difficult. It is t hen more satisfactory to measure the Hall angle 

which is not dependent on the uniformity of the plate surface . For very 

t hin samples there is in addition a size effect due to the scattering 

a t the surface of the specimen. This effect has been observed in s~veral 

casea but is not well accounted for by t heories . We shall discuss it 

later more specifically . 



The measured potential difference between A and B baa to be 

multiplied by a d imensionless factor f (u ) in order to obtain the 

Hall voltage. This is a result of the shorting out effect of the 

current electrodes: the copper. current electrodes a long the short 

3ides of the Hall plate act as a short c ircuit on the Hall probes. 

The correction fact or f (u) is a smooth funct ion of t he param®t er u m 

tr/e
0

; ~0 is the zero field electri cal resistivity , t the t h ickness 

of the plate and r its resistance between E and F . For a rectangular 

plate it i s the ratio u • ! t b of length to width . 

u .5 1.0 1. 5 2 . 0 2. 5 3.0 4 . 0 00 

f (u) . 370 . 675 .847 . 923 . 967 . 984 . 996 1 . 000 

This calculation assumes that t he electrical resistance of the current 

electrodes is much smaller than the resistance of t he plate and t hat the 

Hall angle is sufficiently small in order that 2 t an 'f be much less than 

Since the Hall probes cannot be soldered right at tbe edge of t h e 

sample, the effective width b of the plate is reduced near the probes . 

The measured value is larger than t he true Hall voltage ( ll) . The 

correction depends on the ratio of the length of one junction to the 

total width of the plate . 

Most of these corrections are sufficiently small i n the practical 

arrangement choacn so that they can be neglected . 

2 . 33 Other sources of error 

Many other sources of error are introduced either by ·the method 

itself or by the condit ions of its performance . Surface conductivity , 

field homogeneity , surface roughness are such factors . The magnitude 

1 . 



-29-

of the errors introduced can be estimated from calculations or 

models presented in the literature . Hereafter we sha l l neglect them 

completely . 

As an example of the kind of errors neglected, a second order 

effect of anisotropy in the electrical conductivity is now described . 

Consider a single cr.tstal in the shape of a rectangular plate with 

the usual probe geometry. In t he absence of the magnetic field. the 

electric vector E is at an angle a from the current density J (Fig. 6). 

The Hall probes are adjusted so as to be on the same equipotential line , 

which makes an angle ~ ~ith they direction in which the Hall voltage 

VUy should be measured . When the magnetic field is turned on, the 

angle between E and .J becomes ~· • ~ + '{ , where "f is the Hall angle. 

m1at is called t he Hall voltage and is described by the for1Ik1.lism 

developed in paragraph 2. 23 is 

• VB (H) - VB (O) 
l 1 

Neglecting second order effec ts l ike magnetoresistance, the electric 

vector E ha~ the same length whet her B is zero or not . Then 

VB (0) • VB (0) + Ed 
1 

where d (d r:: h si·rl ~ ) is the normal distance between the equipotentials 

o f B and B
1

• 

'!'h. en 

Similarly, VB (H) = VB (0) + Ed' with cl' .., b sin ~' 
1 

VH ... Eb ( s i n S' -sin ~) 

The experiment, however, yields 
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Vn' • VB(ll)-V.0 (0) • Eb sinl£ 
IJ cos 6 

The error AVg "" Eb l sin(~ + \f) • 
sinf _ 
cos b sin b1 vanishes in the first 

order. The small magnitude of the error arises from the fact that ~ is very 

small for titanium. This ie best seen from the construction in Pig . 6 using 

"' • the resistivity ellipsoid ( x 1 lr~>
2 + 2 2 

(x 2 I e.1..> + (x 3 I ~~~ ) = 1 . It can 

also be obtained from tan £ "" E / E ... 0 I 0 · P y X \ yx ' XX , ' yx a nondiagonal term 

in the conductivity tensor is small. Since ~U and €.1.. are nearly equal for 
(12) 

titanium, t he ellipsoid of resistivities is almost a sphere and its 

taagent in P 13 al~st normal to OP . Thus P and Q are very close . The use 

of v•H instead of VH to calculate the Hal l field Eay does not introduce a 

noticeable error and the values obtained in this manner for R I\ and R ..1- vii ll 

be sa tisfactory. 

2 .4 Other Methods 

In order to avoid the sources of error which accompany the DC method, 

other geometries and other techniques have been used to measure the Hall 

effect . 

2.41 Alternati~3 current methods 

An AC Hall voltage can be obtained by using AC current and DC 

magnetic field , DC current and AC magnetic field or AC current and 

AC magnetic field of different frequencies (13>. This voltage can be 

directly amplified and recorded after calibration of t he apparatus by 

a known test signal. Saturation of t he amplifier by t he misalignment 

voltage must be avoided: There should be zero voltage brat ween A and B 
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in the absence of magnetic f ield . The use of an AC compensation 

method gives beth amplitude and phase of the llaH voltage a nd thus 

the sign of the Hall coef ficient can be found by comparing t his phase 

with that of the primary current . The main £idvant.age of the method 

is t o yield dit·ectly the isothermal Hall coefficient, the thermal euifs 

being e limina ted . Difficulties arice , however, from uoise sud stray 

vol tages . Shielding and grounding must be used aud vibrations itwuced 

by t:hc lllElgnet1c f iel d in the leads nust be prevented. In pract1..cc i t is 

t herefore hard to separate ext'l.~aneous voltages f rom the quantity of 

interest . 

2 .42 Methods using systems with cylindrical symmetry 

a . The sample is a flat disc perpendicular to a uniform magnetic 

field . The primary current is radial . The Hall ef fect produces a cir-

cu l ar current . This is called the Corbino effect and ii: yielas a value 

for the H~ll anglo . 

b . A uniform 1m1gnetic field ,...lhich varies with time induces 

cir cular currents in a flat disc . A radial Hall field appears. This 

a~tbod can t ake advantage of vary high pulsed ma&netic fields. The 

Hall voltage pulse between the center and t L; circumference is 

when B is varied rapidly from 0 to a maximum value of B. 

c . &adial magnetic fields csn be used in conjunction with hollow 

cylindrical specimens . iUl induced circular current creates an axial 
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Hall field or, in another versio~an axi~l current causes a circular 

Hall current . 

Y~ny other ingenious arrangements or variations on the 

describeu ones can be imagined and may present advantages over t he 

conventional method in t he particular case considered . 
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3 . EXPERIMENTAL APPARATUS AND METHODS 

In this investigation a DC method is used to measure the Hall 

effect . - 9 Only this method has a sensitivity of the order of 5 x 10 volts 

which is required to obtain the Hall voltage with reasonable accuracy. 

Furthermore this method has been shown to be successful in s imilar 

investigations and has the additional advantage of being very simple 

in principle . 

The gover ning factor in the design of the measuring circuit is the 

magnitude of the voltage to be detected . If a specimen of 2 x 4 x .005 

inches is used , when traversed by a current of one ampere in the presence 

of a magnetic fie ld near ten kilogauss , it ~1ibits at room temperature 
-7 . 

a Hall voltage of only 2 . 5 x 10 volts . The measurement of such smal l 

voltages calls for s pecial care in the design of the apparatus. 

3 . 1 Experimental Arrangement 

The photograph on the following page (Fia . 7) shows the experimental 

arrangement used for the measurement of resistivity and Hall coeffic ient 

of a titanium sample, from liquid helium temperature to room temper-

ature. The specimen is located in the gap of an electromagnet, inside 

a double metallic Dewar vessel . Electrical leads carryine the current 

or belonging to various c ircuits connect the specimen to p~~er supply 

and measuring instruments, mostly potentiometers . These circuits allow 

the measurement of the Hall voltage after partial amplification and of 

the other quantities of i nterest : current , temperature, resistivity . 
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In the photograph one can also see the magnet power supply and 

the nuclear fluxmeter used to measure the strength of the magne tic 

field. 

3.2 tbe Electr ical Circuit ', , _ 

The electrical circuit used to determine Hall coefficient and 

resistivity is depicted schematically on the diagram of Fig . 8 . 

3 .21 Specimen and specimen holder 

The specimen is a thin rectangular sheet of titanium of about 
'\ 

12 em long, 4 em wide and .01 e m thick. The current electrodes E and 

F are along the short sides of t he plate. The correcti on for finite 

length is small in t his case: u • l;b is near 3 and t he corresponding 

correction factor f(u) is 0.98 . This factor has been ca lculated by 

a ssuming t he electrical r~istance of the current electrodes , two 

copper strips. much smaller than the resistance of t he sample and 

the Hall 2 angle such that tan f is IWCh less than one (in titanium 

t antf!!:! 4 
-4 x 10 ). These conditions are satisfied. Furthermore for 

the t hickness chosen, no appreciable size effect is expect ed, if 

titanium behaves in a manner very s imilar to other metals. 

The specimen is attached to a bakelite holder which serves as a 

support for t he sample itself as well as for t he electrical connections 

and leads. It is shown in Fig . 9 . One end of the sample is clamped 

against the holder by means of the current electrode. the other end is 

free. The long sides of t he specimen are maintained against the bake· 

lite holder by small pieces of bakelite tightened by bra ss screws . 
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Fig . 9 . Specimen of titanium mounteu 01 it~. t•Ul 

f or Hall coe fficient a n d resistivit v meas,•rL'tl<:>, 
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However the specimen can contract or expand without being restrained 

by the holder . No stresses are thu~ introduced when it is cooled 

down. The specimen and its holder are wrapped in a thin sheet of 

insulating material (mylar) , to prevent any metallic part from 

coming into contact with the cryostat and to avoid a leakage or a 

short circuit. 

3 .22 Circuit for t he measurement of resistivity 

This circuit provides the current I through the specimen and 

allows measuring it. The addition of two potential probes C and D 

provides a four-lead potential-termi~~l resistance c ircuit . 

The DC current is obtained by connecting the electrodes E and F in 

series with a portable transistorized power supply (Universa l 

Electronics Company, model L 3501). This power supply can be 

utilized as a source of consttmt current . The out put voltage is 

regulated and changes by only ~ mV per 10% line change. The ripple 

has an rms of less than 500 microvolts . There is a slow drift , of 

the order of 20 ruV, over a period of eight hours. The '"arm up takes 

twenty minutes . A switch is provided to open the circuit and to 

reverse the direction of the current. The current can be varied 

from 0 to 1 ampere. An ammeter in series in the circuit gives a 

coarse reading of its value. A more accurate measu rement is achieved 

by 'placing the Leeds and Northrup shunt box (Catalog No. 4385) in 

series in the circuit and measuring the voltage drop in the shunt 

with a Leeds and Hortbrup potentiometer of type K (Catalog No. 7552) . 



- 40-

The current is t hen obtained by multiplying t he reading of the 

potentiometer by the factor appear ing on the range dial of t he 

s hunt box . T11e Leeds and Northrup t ype K potent iometer allows to 

measure voltages from 0 to 1 . 6 volts with four s i gnificant f igures . 

The current leads are of copper and their diameter is chosen such 

as to minimize the total amount of heat that t hey introduce into 

the ~-1ar thr ough Joule effect and heat conduction . The use of 

electrodes covering the "mole width of the specimen favors a uniform 

current density within t he sample . J has therefore a constant value 

and is directed along the x axis , especially near the c enter of the 

specimen, where the Hall probes are l ocated . 

The r esis tivity of t he specimen is obta ined indirectly by 

measuri ng the voltage drop between the points C and D located on the 

longer side of the plate , a distance t apart . The resistivity 

potential probes consist of t wo smal l copper clamps , making 

almost a point contact wit h t he specimen through a small brass screw. 

A thin sheet of ~lar isol a tes the titanium sheet from t he copper 

c l amp itself. C and Dare located a certain di stance away from t he 

ends of t he plate , where end effects are no longer felt and J has 

reached a unifor m distribution . The voltage drop VCD between C and 

D is measured by a compensa tion method using a Leeds and Northrop 

t ype K-3 potentiometer (Catalog No. 7553). The null detector is a 

galvanometer (L&N No. 2430). The voltage to be balanced with the 

potenti ometer is in t he millivolt region. It is most accurately 
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measured :;hen the h ighest sensitivity range is used (0 t o . 016110 volts) . 

Then the precision of t h e reading is t (.015% + . 5 r-V), including 

uncertainties in measuring and standardizing . TI1e potentiometer has 

a ''reveroe ernf" pos i tion, making possible the measurement of voltages 

of both signs uithout changing the lead connections . 

3 . 23 Circuit ror the measurement of the Hall voltage 

The :OC voltage , dew~loped by the shift in the equipotentia l lines 

and due to the magnetic field,. can i n principle be measured hy jus t 

a dd i ng tv10 potenti a l probes acro ss the specimen !n the y direction. 

Ov:ing to the smnll mag11itude of the effect, the presence of parasitic 

volta ges and t heir dependence on all ~'perimental variab les (current , 

a~gnetic field , temperature , c ontac t potentials), special car e n~st 

be t aken i n moun t ing t he probes . Foll~wing t h e conclusions arrived 

a t i n section 2.3 , titan i um wires are taken as potential leads in order 

to e liminate thermal emfs due to s everal transverse effects , 'H"hen 

t h e specimen is not placed in an isothermal bath . In or de£.· to b e able 

t o align t h e t u o prob es A a o.'ld B on the s ame e quipotential line in the 

a!Jsence of the magnetic field , the follcr-111ing p r obe geo metry i s used . 

On one side of the specimen. pi:'obe A is replaced b y ti-TO probes A1 and 

A
2

, a bout 5 mm apar t and l ocated on opposite sides o£ tlte equipotential 

o f B. A
1 

and A
2 

are connected to a 10 ohm volt age divider \ilith ~ fine 

adjustment (a 10 ohm Beckman Helipot) . A is then the point on the slider 

of the Helipot. The voltage VA.B can t hus be varied continuously between 
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VA B and VA P. and brought down as close t o zero a s the fineness of 
"'"'1 2'-' 

the divider can permit . This adjustment is most sensitive if t he 

separation between A1 and A2 i s small: a dista1~e of 5 mm is 

suff i cient, because it allows room for the probes and makes it 

relatively easy to locate A1 and A2 on opposite s ides of the 

equipotential of B . This met hod has two per t urb i ng effects on t he 

measurement . First, it causes a modification of t he current di str ibuti on 

in the sample near the Hall probes: a smal l current circu lates 

through t he Helipot_ in parallel with the s ample betueen A
1 

and A
2

• 

This current, hOT.Ne-~·er , is very small fn comparison to the current 

through the specimen , the rati o of t he r esis tances of t he two branches 

being about 104 • For practical purposes t he current lines in the 

t i tanium piate can b e considered as unaffected . The second effect of t he 

three probe geometry is a change i n the sensitivity of the Hall 

meaauren~nt i t self . 

Fig . 10 represents an "equivalent '' or reduced diagram of the Hall 

voltage measuring circuit. The a. lignn~ent of the pr obes is realized when 

Ca ll Ep t he volt age a t t he t erminals of t he potentiometer, VH the Hall 

voltage. If perfect bal ance is realized, ~ "" VH and t here is no 

error . If ther e i s a s l i ght difference between Ep and VH' correspond• 

i ng to one division of the finest decade of t he potentiometer , a current 

i will circula.te in t he whole c ircuit : VH • Ep =:: (P + r '' + R ) i "" A V. e 

R i s t he resistance equivalent to t he net R, R', r , r ' . It is g iven e 
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Fig. 10. The three probe geo.etry. Equivalent diaaram. 
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by: 

a. .. (R + r) (R' + r' ) 
R + R ' + r + r' e 

The actual values of the r esis t ances involved in these formulas make it 

posaible to simplify the equations by neglec ting smal ler terms . Resistances 

in the sample itself , r, r •, r '' , are fractions of a milliohm. Resistances 

in t he He lipo t , Rand R', are much larger (R + R' = 10 oh~s ) . The value 

of P, the resistance of the leads and the internal resistances of t he 

pot~~tiometer and the galvanometer, is about 30 ohms . If ;,1 and A2 are 
'· 

symmetrically located with respect to B, R and R' equal 5 U and R equals e 

2.5 it . The current i produces a deflection of the galvanometer correspond-

ing to a vol tage A Ep 
p 

• Pi oo p + R AV 
e 

The value read wit h the potentiometer and t he galvanometer for the Hall 
'-.,, 

voltage is then V'H "" Ep + (1 &p i nstead of t.he actual value of VH :z Ep + A,V . 

The error i~ miniRUm 
~ Er 1 

if -··· "" -~---- is as c l ose to 1 as possible . A V 1 + R /? e 
Since ? is given. t his condition requir es R to be a~ll . For the Helipot 

e 

us ed, 

R e = 2 . 5 ~ and ~ .90 

lt is much easier to make this correction , than to evaluate the perturbation 

intr oduced by a nonuniform current , which t·70uld exi st if the Helipot had a 

much smaller resistance . 



VH - V' r ne error on the Hall voltage itself is --~----~H~ a 0.10 fiV 
VH F-p +AV 

In the actual casef).V • .05 l"V and EP !:::! .25 r-V. The error is then 

about 21. and the observed value is less than the actual voltage. This 

factor compensates almost exactly for the effect of the finite length 

of the plate. 

An additional advantage of the three probe geometry is that it 

eliminates the effect of fluctuations of the primary current on the 

Hall measurement. If the probes are not aligned, there is a bias voltage 

superimposed on the Hall voltage, which is proportional to J and fluct• 

uates with it. Averaging VAB (B) and VAB(-B) does not get rid of the 

fluctuating part of this voltage. When the probes are aligned. this 

bias voltage stays zero whatever J does. The practical realization 

of this circuit is now presented. 

At points A1 A2 and B titanium wires are clamped onto the specimen 

by means of brass screws. Electrical contact with the specimen is 

established by spot welding or just pressing the leads against the 

specimen. Special care is taken to prevent any contact of the clamp or 

the tightening screw with the titanium lead and the sample. Outside the 

Dewar, the titanium leads are changed to copper in an isothermal oil bath. 

Two copper leads connect then the slider of the Relipot and the lead 

coming from B to the emf terminals of a Leeds and Northrup Wenner 

potentiometer (catalog No. 7559). This instrument measures low DC 

voltages with high accuracy and reliability. The design largely over-

comes inevitable parasitic emfs and resistance variations at the 

adjustable contacts. The null detector ·is a Leeds and Northrup 2284-e 
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reflecting galvanometer with a sensitivity of 0.1 r-V/rmr on the scale. 

In the low range, voltages from 0 to .011111 volt can be measured to 

the nearest 0.1 ~V. Interpolation on the scale permits readings to be 

made within 0.01 ~· The systematic errors due to construction, cali­

bration and standa.rdi&ation are± .01%. To. improve the accuracy of the 

measurement, the Hall voltage is first balanced to the nearest 10· 7 volt 

with the Wenner potentiometer. .. 7 The remaining voltage, less than 10 

volt, is amplified by a Beckman Model 14 DC breaker amplifier and read 

on a Du ~nt vacuum tube voltmeter (type 405). The method is no longer 

a perfect null measurement, but the errors introduced are negligible. 

A two position switch allows to direct the outp11t of the Wenner potentio-

meter either t~vard the galvanometer or the amplifier. A similar switch 

13 provided on the imput connections to the potentiometer, to enable 

t he measurement of voltages of both signs. 

The amplifier is designed for the measurement of voltages in the 

microvolt· and fractional microvolt region. It has a noise level within 

a factor of 2 of the theoretical Johnson noise (maximum noise 3 x 10-9, 

-9 rms 1 x 10 volt). Input signals up to 300 ~V may be applied without 

overloading, The whole Hall signal coul4 therefore be amplified, However 

the sensitivity would be much smaller and the output voltage would no 

longer be proportional to the input, as can be seen from the output 

characteristics (Fig. 11). The system can be calibrated by means of a 

-7 teat signal control on the amplifier, or by making 10 volt changes by 

rotating step by step the last decade dial of the Wenner potentiometer. 
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OUTPUT OPEN CIRCUT 

OUTPUT INTO 500 OHM LOAD 

0~--------~--------~--------_.----------~------~ 
0 0 .5 1. 0 

MICROVOLTS INPUT 

Fig . ll. Out put c haracterlstic s o f the Bec kman 
M:>del 14 OC Bx·ea.k e r amplifier . 
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A zero positioning control is provided for bucking out residuals in 

t he input circuit . The instrument has a warm•up period of one hour 

and a drift of less than .005 ~V per day. It has good signal to noise 

ratio, provi ded the input circuit bas an impedance between 7 and 60 ohms 

(nominal impedance: 20Jt. i~edance of the actual circuit 25 st.). 

In order to take advantage of the full sensitivity and accuracy of 

the amplifier, a n all copper circuit is uaed and special solder is 

employed to avoid t he'!l"'mal emfs as uuch as possible . To prevent unwanted 

electromagnetic signals f rom being picked up, the two input leads are 

kept close together and unnecessary loops are avoided. The pick up 

is further reduced by shielding the whole c ircuit , the metal lic Dewar 

being part of t he shielding . Neverthelesa, a noi3e level as h i gh as 

.005 ~V was left and had its origin mostly in the potentiometer and 

the Helipot. n 1e latter, not being of copper, also introduced thermal 

drifts. Additional precautions consisted in avoiding electrical leakage 

between var ious elements, including the ground , and mounting the lead 

wires fairly rigidly iu.ide the bakelite tube and on the specimen bolder , 

thus reducing induced voltages in the measuring circuit caused by 

vibrations or small magnetic field variations. The output a t maximum 

gain of the amplifier could be conveniently measured on the 10 volt 

scale of t he voltmeter and the vibrations of the needle about its mean 

position gave an i ndication of the noise and pickup in the circuit. 

3 . 3 The Magnet Sy:Jtem 

The magnetic field used in t his study was obtained from a Varian 

twelve inch electromagnet. The co~lete magnet system is now described. 
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3 . 31 The magnet and its power supply 

The twelve inch electromagnet system provides an exceptionally 

stable magnetic field. The model V 4012-3 B electromagnet is capable 

of supplying large volumes and magnitudes of uniform magnetic field as 

required in this study. The magnet is equipped with cylindrical, ring• 

shi.umed pole pieces , which give maximum uniformity of the field . In 

the central section of the gap, the field is uniform within 1 part in 

30 , 000 over an area of 4 1/2 inches in vertical and 4 inches in hori­

zontal extend . The specimen is entirely located in this region. The 

air gap between the pole piecea ia 2. 75 inches and th2 maxitrum field 

of 10.2 kilogauss can be reached for a magnet current of 2.0 amperes 

per winding section. 

The model V 2100 B regulated magnet power supply generates highly 

regul ated direct current. It is possible to stabilize the current even 

further using the f eedback of a signal derived from a NMR signal. The 

output can be varied from 0.02 to 2.0 amperes. The regulation of the 

output current against input line voltage changes or magnet load re­

sistance changes of 10% is as good as one part in 100,000. The direction 

of the magnetic field can be automaticall y reversed from the operating 

panel of the power supply thanks to a field reversing mechanism install~d 

in the power supply. 

3.32 Measurement and control of th~ magnetic field 

The magnetic field in t he central section of the gap , where the 

specimen is located, is determined by means of the Varian P8 nuclear 
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fluxmeter. This instrument is designed f or accura te measurement and 

control of magnetic fia lds from 1 to 52 kilog~uss . It operates on the 

principle of nuclear magnetic resonance . A sampl e of protons or deu terons·, 

the nuclear resonance char acterist ics of which are accurately known, is 

brought to magnetic resonance by t he s i multaneous application of • known, 

variable frequency, rf f ield and the masnetic f ield t o be measured. The 

frequency of the rf field is varied until a nuclear resonance signal is 

induced, or a lternately, the magnet current i s increased until resonance 

occurs for a preselected frequency . The rf tuning dial provides the 

oper ator with a direct read out of the magnetic field i n gauss . A 

discriminator c ircuit in the fluxmeter func tions t o keep the magnetic 

field constant by automatically adjusting the p~ver input to the magnet 

coils, i n the event of line vol t age fluctuations or thermal variationa . 

There are more accura t e ways to interpret the resonance signal than 

just reading the tuning dial ( ± 5% uncertainty) . An additi onal scale, 

a logging scale, is provided on the t uning dial . Careful readi ng of t his 

scale i n conjunct ion with the calibration curves furnished with the 

fluxmeter permits measurements accurate within± 0 .2%. It is possible 

to achieve even more accurate mea~urements by monitor ing the transmitter 

frequency with an external frequency measuring device . By this method, 

field intensity in gauss may be measured within± 0.05 gauss. 111e proton 

sample has a resonance frequency of 4.2577 megacycles per kilogaus• and 

is useful for fields between 1 and 8 kilogauss . ~1e deuteron sample has 

a mn frequency of 0.6536 megacylces per kilogauss and covet.'e the range 

from 6 .8 to 52 kilogauss. 
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Accurate determination of the magnetic field is only meaningful 

if the field is uniform and has the &ame value at the point where it 

is measured and in the specimen. In order not to perturb the field 

homogeneity attained by the equipment just described, no ferromagnetic 

nor strongly para• or diamagnetic materials are used in the construction 

of those parts of the apparatus that are located in the gap of the 

magnet. Only brass, copper and bakelite are used. · Titanium itself has 

-6 a susceptibility of 1.5 x 10 C.G.s. and there is no detectable dis• 

crepancy between the magnetic induction in the sample and at the location 

of the NMR probe. 

3.4 The Cryostat 

In order to make possible measurements of the Hall coefficient and 

conductivity over a wide range of temperatures. a liquid helium cryostat 

has been designed and constructed. It is diagrammed in Fig. 12. 

3.41 Description and operation 

The cryostat consists of two metallic, coaxial Dewars. Each Dewar 

is made of a stainless steel cylinder, terminated by a copper part with 

rectangular cross section, to fit into the air gap of the electromagnet. 

Each vessel has a double wall, the shell or jacket left in between being 

evacuated under normal operating conditions. High vacuum valves are 

provided to allow reevacuation before every low temperature test or as 

often as necessary. A metallic cryostat has been preferred to glass 

because of the large size of the veasel needed. Furthermore, only metal 

is strong enough to enable the use of a rectangular cross section which 

takes best advantage of the limited volume of high and uniform magnetic 
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field available. Copper has been preferred t o stainless steel f or 

this part of the cryostat~ although it has less strength, because it 

has lower magnetic susceptibility and thermal properties favoring t he 

persistence of isothermal conditions even in the absence of a fixed 

temperature bath. The weak points of a metallic Dewar are the presence 

of long welds: A leak is more 1 ikely to occur than in a glass vessel. 

The walls have not been silvered making its thermal characteristics 

less favorable. The heat-fl~t by conduction and radiation into the 

cold section of t~e cryostat is relatively large . 

The inner Dewar contains the bath at the temperature of which we 

wish to bring t he specimen. It is liquid helium, liquid nitrogen or 

DuPont freon 22. Other fixed points could be used without much compli-

cation. When liquid helium is used, the space between the two vessels is 

fille~ with liquid nitrogen. 0 Temperatures belO'!~ 4 .2 K could, in principle, 

be reached by partial evacuation of the inner Dewar, which can be 

compl etely closed by means of a lucite cover and an o-rir~ seal. 

Temperatures between the fixed points are obtained by letting the helium 

evaporate completely and the system warm up naturally until it reaches 

liquid nitr ogen temperature. This temperature rise takes four hours and 

enables one to make several measurements with nearly uniform temperature 

of the specimen at any stage. Af ter the liquid nitrogen in the outer 

Dewar has completely evaporated, the temperature rises again, slowly. 

up to room temperature. Thus any tempereture between 4.2 and 295°K can 

be reached, but not maintained. The whole warm up process takes 18 to 24 
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hours. For a glass Dewar this period would be considerably longer. 

To prevent excessive condensation of moisture on the copper part of the 

Dewar, a 25 watt heating tape is wound around it, protecting the pole 

pieces against rust formation. 

3.42 Considerations governing the desisn of the cryostat 

The general shape of the cryostat and most of its dimensions are 

determined by its function, the size of the specimen, the dimension of 

the pole pieces and the air gap of the magnet. Only the thickness of 

the plates to be used has to be calculated. A compromise has to be 

realized between two conflicting factors. The plates have to be thick 

enough to stand the pressure, not to deform permanently and especially 

to prevent opposite walls from coming into contact by elastic deformation. 

On the other band, if one wanta to keep down the rate of heat inleak 

through conduction by the walls, and also maintain open as large an 

inner cross-section as possible, the walls have to be of minimum 

thickness. The separation between opposite walls in a vacuum jacket 

should be large in order to keep down the heat transfer by radiation. 

Rather crude calculations can be carried out to determine the minimum 

thickness of the plates capable of standing a load of 15 psi. They are 

based on the elastic deformation of rectangular plates under uniform 

load with various boundary conditions<14>. Once the dimensions of the 

cryostat are all fixed, calculations are made to estimate the rate of 

heat transfer from the outside into the Dewar and obtain an order of 

magnitude of the rate of evaporation of the liquids used as coolants. 

A small fraction of this transfer takes place through conduction by 

the walls of the cryostat and the electrical leads (about 15 to 20l). 
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Due to the large thermal gradients in the evacuated jackets of each 

Dewar, the largest part of the heat inleak occurs by radiation. The 

liquid helium, with a low heat of vaporization (900 calories per liter), 

boils off at the rate of about one liter per hour. Liquid nitrogen, 

\-Jb.ich exchanges heat with the room di rectly and by a. large area, 

receives much more heat, but, because of its higher heat of vaporization 

(40,000 cal/1) 1 it evaporates only at 1.5 to 2 liters per hour . 

3.43 Testing the cryostat 

The good working conditions of the cryostat depend primarily on 

the quality of the vacuum realized and the length of time a. good vacuum 

is kept. They can be cbecked in t\.;o different ~1ays . A first test consists 

in following the pressure rise inside each of the vacuum shells by means 

of a type G.P. 140 Pirani Gauge (Consolidated Vacuum Co.), when the whole 

system is at room temperature. Any value larger than 2 t' per hour , the 

normal rate of increase due to the outgasing of the walls, is an in­

dication of a leak or some other defect. During the ru{periment itself, 

it is more convenient to consider the rate of boil off of the liquid 

helium and nitrogen. If the consumption of any of these two elements is 

significantly larger than the values estimated above, a defect might be 

present and should be located systematically using a leak detector. One 

has however to take into account an increase in helium consumption, due 

to t he heat produced by very intense eddy currents set up in the part 

of the Dewar which is in contact with the liquid helium every time the 

magnetic field is reversed. 
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3 .5 Temperature Determination 

The temperature range covered is best separated into two intervals: 

above 20°K thermocouples can be used as thermometers, below 20°K methods 

using resistance or helium gas thermomet~rs are more successful. In the 

present study a copper-constantan thermocouple was used jointly with 

carbon resistors. Both were calibrated over t he entire temperature range 

of interest. This method was preferred to a more reliable plat inum 

resistance thermometry, which cannot be used below 20°K. Furthermore 

only moderate accuracy is necessary for the present study. 

3.51 Temperature measuring circuit 

The circuitry for the measurement of the temperature in the cryostat 

is represented schematically in Fig . 13. There ar e actually two in-

dependent circuits, one using thermocouples, the other carbon resistors. 

In a t hermocouple, the temperature sensitive element i s very small 

and has quick response, making it possible to follow variations of 

temperature at a point. The simplest combination for 1~~ temperatures is 

copper against constantan. Its thermoelectric power is more favorable 

than that of other commonly used combinations. At the ice point it 

0 0 0 
is 39 f'-V/ C; at 10 K it has dropped to 4 ~V/ C, which is still measurable. 

In the circuit shown there are three junctions: Ot1e i s a reference 

junctionplaced in an isothermal bath of known temperature (liquid 

nitrogen or ice), the two others are located at both ends of the specimen 

holder . ·n1is arrangement enables the measurement of absolute temperatures 

as well as of longitudinal temper~ture differences along the specimen . 

Beaded junctions are obtained by heliarc welding. In the low temperature 
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r~uge,it is advantageous to use a reference junction at liquid 

nitrogen temperature in order to reduce the error due to this 

reference temperature. The thermal emfs are measured by means of 

tb.e K-3 potentio~ter wi.thin 0.5 ~· 'l1lis sensitivity permits the 

use of thermocouples eve.n at 4 . 2°K, where the thermoel ectric pooer 

is very small . The impossibility of having the thermocouple junction 

in contact -v1ith the specimen may cause an error in the te!ll>erature 

determination, especial ly during the warm up period• where specimen 

holde:: end ~peci100n may not be .e.t the same temperature . However, 

because of the sl~~ temperatuEe r!se and the presence of a large mass 

of copper surrounding the specimen asser:Wly , this discrepancy i;;: 

assut:ll:!d s tMl l or co111parable "'ith. the uccuracy desired . 

The circuit containing the ca rbon :re~iatance thermometers was 

. 0 
origi11ally meant to c o-,.rer the r ange from 4 .2 to SO K. Carbon or semi-

conducting materials have an increasing rCi!sistance t-rith lowe~ing 

temperature in opposition to metals like platinum, t he re.si~t~nce of 

·which becom2s much lese temperature sensitive belot-7 20°K. The 

resis·i;ance of the temperature sensitive elements is measured by the 

voltage drop across them when traversed by a small cu~rant (small to 

preve·nt hecting of the resistors) . T"ne sensitive eleml'.mt3 are homemade 

fro~ '>rdinary radio resis~orn (a 10 ohm Allen Bradley and a 3 . 6 ohm 

Oiunite resistor were used) . The bakelite i1~ulation is ground off and 

replaced by a thin halted-on coating of Glypt:al varnish. Thus the element 

takes rapidly the temperature of t.he surroundi ngs (lS). The advantage of 
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carbon resiatances over metallic ones is their much smaller change in 

presence of a magnetic field. The principal difficulty is to obtain 

revroduc:lbility. Frequent recalibration is needed. Two auch elements 

are used to enable the detection of eventual temperature inhomogeneities. 

3.52 Calibrations 

For t he thermocoupl e, regular thermocouple wire was tal~en (Leeds 

and Northrup 24 B ~ S gauge, \-li t h innulation) f or t-lhich the calibrations 

of 1921 or i93S are valid. At several fixed points the measured and 

tabulated emfs were compared and the emf versus temperature curve for 

t he ~tual thermocouple established. Thia curve was extended down to 

4.2°~ partly by continuit y and partly by comparison with t he i ndication 

of t he carbon resistances. Tb:Ls method does not pretend to be very 

accurate. 

Betwe~~ liquid nitrogen and room tempera tures , t he indications of 

the thermocouple he lped to determine the resistance versus temperature · 

curve of the carbon elements . A smooth curve was then drawn, joining 

this branch of the curve to the valve at 4.2°K (Fig . 14). This procedure 

was preferred to an analytical determination of the coefficients of the 

theoret ical relation, 

ln R + k = A + J1 
ln R T 

The number of data did not justify a least squares determination of 

A, B and k. The curves of Fig. 14 helped then to draw the low temper-

a ture portion of the thermocouple calibration curve (Pig. 15). This 
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t:~roce<lure is good .enough s ince an uncerts.int y of ± l°C in T is 

considered tolerable. llowever , readings on the potentio~~ter are 

fa...- ;;lOre acc..:l"ate and \7it l':. an exact calibration oi. the thermocO".Jple , 

the tempc1·aturc could be read withi n hundredths of .: degree, even 

hela.-1 20°K. 

Periodic checko at r oom temperl'>turc , 4 . 2 and 77 .4°K of the 

indications of ther t."llCouples and carbon resistore showed a satisfactory 

Dtability of both lnstru!OOnts under the conditions of the experiment 

(repeo. t ed ther~l cycling) . 

In pr"'ctice, once the:! thermocouple ha.d been calibrated ever the 

whole r ang£: of int:erost , it wa s used ~lone, bec a use it is much more 

convenient. Furti'.ermore, it is r.nore. likely t~ g ive an inste ntaneouts 

temperat ure, not teo f ar from the act ual temperature of t he specimen, 

~vhereas the carbon x·es i stors t ake much longer to reach t he te.mperatur~ 

cf the s1.n:roundings . Dur ing the <varm U f} period , au average t emperature 

~u1o sssig~ed to each rr.eesurcment by t aking the mean of the! temperature 

re.:o.d just b~fore and just after the llctual measuramants. 

3 . 6 Operating Procedure and Calculation Methods 

Before each test , both shells of the cryostat are evacuated by mean. 

of a mechanical vacuum pump to about 40 microns of mercury. The power 

supply and the amplifier are turned on. The inner Dewar is cooled down 

0 to 77.4 K by pouring just enough liquid nitrogen into it . The outer 

Dewa r 1s then filled with liquid nitrogen and an atmosphere of helium 

is maintained in the inner Detiar , completely isolated from t he atmosphere. 

Sufficient time is given for the whole system to reach steady state 

conditions at that temperature. The current t hrough the specimen is 
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t~rned on and t he lielipot ~djuGted , sue~"! as to minic1ize the voltage 

b~tween A and B. The i:ll.:lgn~t pouer supply and the cooling water are 

t hen turnad on and liquid heli.um is trans ferred· into the inner Dewar, 

until its level is ~ell above the specimen. The operation requires 

a total amount of hel ium of nearly 10 litera. The magnetic field is 

adjusted to its desired va lue and measurements can be sta rted . 

3.61 Resistivity measurements 

The resistivity can be computed from tne experimental determination 

of the current, t he voltage drop vCD and the temperature. Current and 

temperatur e are taken as the average of r eadings taken just before and 

just after the measurement of VCD" In this manner variations o f these 

quantities over the time of a measurement are taken into account 

(drift in the power supply, of the temperature, gradual change in the 

resistance of the circuit) . The result of this measurement i s a 

resistance RCD' easily convertib le into res istivity . 

k1 ie a geometrical factor depending on th~ dimensions of t he specimen 

and t he distance t between the probe9 C and D. In this formula, an 

uverage value has been ob tained for the thickness t from the weight of 

t he sall\)le . Since this !T.easurement is made in presence of a magnetic 

field, ~ conte.ins magnetoresistance. However , tb.e error thus introduced 

(16) 
i.s negli.gi.ble: 

... B u2 6 6 o· 13 
u =! • K 1 

t 
u2~ 4 x 10-S when H "" 8 kilogauss. 

This is smaller t han the experimental uncertainty . 
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3.62 The Hall voltage 

In presence of a magnetic field the voltage be tween A and S can 

be written 

B ia the magnetic induction, J t he current density. v1 (J) is a small 

voltage , depending on J, due to the imperfect alignment of probes 

A and B and the anisotropy of the resistivity tensor. Hn is the Hall 

coefficient and V
0 

is a spurious voltage including thermals in the 

measuring circuit, pick up from the building, various thermomagnetic 

and galvano-magnetic contributions. The voltages included in V
0 

can be 

separated into those which are cons tant or time dependant, those which . 

reverse with J, or B, or J and B, those which depend or do not depend 

on B. No measuring technique can eliminate them all, nor even separate 

them irom the Hall volt age. V
0 

is f ound t o f luc tuate in an unpredictable 

manner and with no apparent periodicity. Its magnitude incr eases with 

temperature and makes Hall measurement3 more difficul t. Because of the 

presence of V , the full accuracy of the amplifier had t o be sacrificed 
0 

to a more rapid method in which fluctuations in V have less effect: the 
0 

-7 . 
fractional part (<10 volt) of t he voltage was estimated visually from 

the def lection on the galvanometer scale. Furtheru~re each measurement 

had t o be repeated several times and averaged to el iminate as much a s 

possible the random fluctuations. Due to the limiting values at temper­

a tures bel~~ 77°K of electrical and thermal properties of the materials 

used, V was very small and had no widely fluctuating part in t hat range 
0 
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of temperatures. Reasonable accuracy waa then possible in the 

determination of V AB (B). The Hall voltage is obtained as an 

average over three measurements of VAB: with the magnetic field 

in one direction (V!i>), t hen in opposite direction (v!;>), and 

then back to the initial direction <v!;>). 

V :a .! · f V(l) (B) + V(J) (B) - 2 V(2 ) (-B)1 
Ii 4 LAB AB AB 

This proc~dure eliminates v1 as well as those parts of V
0 

which do 

not reverse with the magnetic field. It does not get rid, however, 

of the fluctuating part of V
0 

and some of the thermomagnetic effects. 

Revers~l of the current eliminates most of the latter, whereas t he 

effect of the fluctuations cannot be compensated for. Above liquid 

nitrogen temperature, whe~e they become important (comparable in 

magnitude to the Ball voltage) • the llall voltage can no longer be 

measured, unless V is considerably reduced by putting the specimen 
0 

into an isothermal bath. 

At fixed points, where the te~erature cau be maintained constant 

over a longer period of time, the magnetic field dependence of VH has 

been investigated by varying B from 3 to 9 kilogauss. If VH i s not 

proportional to B, ·all measurements have to be made with the same 

magnetic field. 

From the Hall voltage, the Hall coefficient itself is derived by 

the following formula: 

1\t (T) - VH X ...£... .. k2 X VH 
B I I 
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3.7 Accuracy and Limitations 

There are two different categories of uncertainties involved 

in the determination of resistivity and Hall coefficient. First, 

the errors in the determination of B, -t, t, b introduce an un• 

certainty in the numerical factors k1 and tt2 • They are the ~»ame 

for all experimental deter~inations on a given specimen~ On the other 

hand each individual measurement of VH or 4V involves errors varying 

with each experimental point. 

3 .71 Resistivity 

The larger part of the uncertainty in the resistivity values comes 

from t he numerical factor 1<:1 • tb/{ • Tbe dimensions b and t are 

several centimeters and are known within 1%. Tne width b of the plate 

can be considered constant within the same factor. The value of t is 

obtained indirectly and has a r e l ative uncerta inty of about 1 . 5%, moat 

of it due to the dimensions, not the mass . k1 ha~ t hen associated wi t h 

1t an uncertainty of nearly 4%. 

On the other hand , AV is read on the K-3 potentiometer within 0.5 tt-V 

and I is given by the type K potentiometer with four signifi cant figures. 

However , t he drift o£ the constant current supply reduces the precision 

in I to 0.1%. The resistance RCD is therefore measured at ± 0 .2% (magne to• 

resistance changes are 4 x 10- 5). Another important source of error in 

the resistivity versus temperature curves arises from the uncertainties 

in the temperature measurements. Not only may the temperature not be 

uniform over the entire specimen, but it may also be different from the 
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temperature recorded by the thermocouple. In unfavorable cases, the 

0 differential thermocouple registered a 1 C temperature difference 

between top and bottom of the specimen. This is of the same magnitude 

as the uncertainty in the law temperature part of the calibra tion curve. 

0 One can therefore not expect to know T to better than .± • S or ± 1 • 

3.72 Ball coefficient 

The uncertainty in the Hall coefficient bas a t hreefold origin. 

The major source of error is introduced by the measuring technique itself . 

What has been chosen in section 3.62 to represent the Hall voltage 

contains, in fac~ several small transverse effects, negligible only if 

perfectly isothermal conditions are set up, i.e. • at a very few fixed 

points . Due to the misalignment of the probes, part of the longitudinal 

effect• is meaaured together with the Hall effect. A systematic error 

is introduced if t he specimen is not perfectly normal to the magnetic 

field linea. Thanks to the use of titanium 1-.da and an averaging 

·.procedure , t he r esulting error in v8 should not exceed 3% . 

In the second place, t here is the uncertainty in the conversion 

f actor k2 • t/B. The magnetic field, 8 or 9 kilogauss uaually, is 

determined from the logging scale of the NMR fluxmeter within ± 10 gauss 

or O.l"L. The homogeneity of the field over the region of the specimen 

is better than this va lue. As far as t is concerned, its average value 

is determined to 1.5~. but ita lack of uniformity causes a perturbation 

on v
8

, which cannot be numerically estimated and which is not completely 

compensated for by taking an average value. Nevertheless, the uncertainty 



·68· 

in k2 should not be greater t han 2%. 

Finally,uncextainties are introduced by the measurement of VH 

and I. The current is measured in the same way as for resistivity 

calculat i ons. I ts relative uncertainty is .1• and can be neglected 

in compar ison with t he scatter and uncertainty in the Hal l voltage . 

The noise V
0

, always present in the observation of VH' becomes 

increasingly troublesome as the temperature is raised, requiring several 

measurements to be taken and averaged and the time between measurements 

with reversal of the magnetic field to be kept as short as possible . 

This difficulty is the major drawback of the method and leads to an 

uncertainty in VH which can reach 6% or more (a typical measured 

voltage 1s then .30 r-V ± .02 ~V). 

Tne combined effect of all these sources of error leads to an 

experimental uncertainty in the Hall coefficient of 5 to 10%. The 

accuracy is better below 77°K where V is small and steady . Above 
0 

77°K reliable values can only be obtained when the specimen is placed 

in an isothermal environment with controlled temperature. This difficulty 

reduces the chances of finding a general quantitative interpretation of 

the results . 



4 . SPECIMENS 

4 . 1 Origin and Preparation 

The specimens used in t his investigation were made from a piece of 

iodide titanium, about 5x4x0 . 4 em, cut from a strip of hot rolled , re­

melted titanium. The material was obtained from the U. S. Army Ol:'dnance 

Corps , t1atert~nn Arsenal Laboratories . Part of the same plate has been 

used previously for accurate lattice parameter determinat ion as a func ­

tion of temperature ( lJ) . The piece of metal v1as milled on both sides in 

order to remove t he contaminated layers developed during previous opera-

tions . 

No quantitative chemical nor spectroscopic analysis of the material 

was available . However the i odide process leads to very pure titanium. 

This is confirmed, on the one hand , by the measured values of the lattice 

parameters , and on the other hand, by the ratio of the resistances at room 

temperature and liquid helium temperature , which was quite h igh (around 30) . 

The piece of titanium of initial thickness of about 4 rnm was firat 

cold r o lled int:.o a strip 0 . 02 e m thick . .After this 95% reduction ~ j?art of 

the sheet was kept to that dimeneion, tY'hereas the rest of it was reduced 

further to a final thickness of 0 . 000 em. Speciroon No . 1 was made out of 

that sheet . However , before measurements could De made , a stress relief 

treatment had to be perforc~d . The specimen was heated f or one hour at 

500°C . Since titanium is a very reactive met al , the specimen to~as firs t 

cleaned in an acid etch of equal parta of nitric acid , hydrofluoric acid 

and glycer in . This insured that impurit ies, contained in the surface layers 

and coming from the rol li116 mill or superficial oxidation, were reu~ved and 

prevented from diffusing i'ato the interior of the apeci men during the subse-



quent heat treatment . The specimen \>:as sealed in a pyrex tube filled with 

purified helium. Care was taken to insure that the specimen did not touch 

the pyrex by being clamped between two larger sheets of titanium. This 

procedure bad the further advantage of straightening the specimen, which was 

no longer perfectly flat after the cold rolling . A "getter'' was heated in· 

side the tube to capture the remaining traces of oxygen and nitrogen prior 

to the treatment . After t he treatment , the specimen was quickly returned 

to room temperature. It was then cut to the final dimensions with straight 

and parallel edges . A back reflection pinhole diffraction pattern with 

copper ~radiation was taken on a fraction of the specimen and compared with 

a similar pattern made prior to the heat treat~nt . The broad diffuse Debye 

r i ng had been replaced by two much sharper and well resol v ed rings corres• 

ponding to the ~ doublet , proving the effectiveness of the treatment . 

The two other specimens were ob tained from the remaining part of 

sheet that had received only a 95% reduction. This sheet was treated for 

stress relief before any further reduction, in the way just described for 

specimen 1 . Then a piece of about 12 em long was cut out of it and cold 

rolled in t he transverse direction, in order to produce a different textur e . 

However , the thickness could only be reduced from 0 . 2 mm to 0 . 1 mm. Th is 

specimen was sealed in a pyrex tube and treated f or one hour at 500°C with 

the precaut ions already mentioned . The result was specimen No . 2 . After 

all measurements on it \>'ere completed and a piece saved for x-ray investi-

gation , specimen 2 was annealed in order to produce a thir d texture . For 

this purpose, it was enclosed in a quartz tube ~ith a titanium getter and 

rested only on titanium support s away from t he quartz tvall s. TI1e specimen 

0 tvas h~Wted for one hour at 950 C. It was then brought back to room tempera -
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ture. This recrystallized sample was designated specimen No . 3 . 

Before mounting each specimen for Hall measurements , the dimensions 

were measured , in particular the average thickness . A check with a micro­

meter revealed that , at least for specimen 1, the thickness varied appre• 

ciably about the mean value. This is a consequence of the chemical etch: 

the lead dish in which the operation was carried out, was too small to 

enable the etching of the vmole specimen at the san• time . 

4 . 2 Principle of Texture Determination 

In order to interpret the results of the Hal l coefficient determina• 

tion ~nd in particular to relate them to the intrinsic galvanomagnetic co­

efficients R 11 and R~ , the knowledge of the texture of each specimen is 

required, i . e ., the orientation of the grains in the polycrystalline sample 

&nd the relative importance of each particular orientation. The interest 

of highly textured specimens , where one particul~r grain orientation is pre­

dominant , is that such specimens reflect t o a greater or lesser degree t he 

properties of a single crystal . Rough ca lculations can be carried out by 

replacing the specimen by a single crystal having the mean orientation of 

t h e grains of the polycr yst alline sample . Deformation and recrystallizat ion 

textures. as are obtained in the present case , usuall y fall into this 

category . A direc tional character due to preferr ed orienta tion is therefore 

expected in most prope~ties which depend on cryst allographic direction in 

single crystals . 

Preferred orientation is best described by means of a pole figure . 

This is a stereographic projection which shows the location and density of 

poles of a specific crystallographic plane . For sheet specimens , the plane 

of the stereographic projection is parallel to t he plane of the sheet and the 
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longitudinal direction of the sample ( in most cases the rolling direction) 

is indicated on t he perimeter of the basic circle (equator) of the polo 

figure . However, since a large number of crystals must be considered to 

obtain a representa tive picture of the texture , instead of individual poles 

being plotted, equidistant contours are used to represent the average popu-

lation of poles at all positions about the sample. A perfectly random poly-

crystalline sample has poles uniformly distributed over the reference sphere, 

but not on the projection, which is not area-true . In a textured specimen, 

poles cluster in certain areas of the pole figure . 

The techniques used to determine the pole figures in this investiga-

tion use x-ray diffraction and are described next . 

4 . 21 Photographic method( lS) 

X-ray methods of determining pole figures use the fact that x - ray 

diffraction averages automatically t he contributions from many grains, pro-

vided t he grain size is not too large. The (hkl) pole figure is constructed 

by analyzing the distribution of intensity around the circumference of the 

(hkl) Debye ring , since the observ~ble s patial distribution of x- ray diffrac-

tion intensity is identical , within a proportionality factor. to the density 

of poles on a reference sphere. centered at the specimen. 

In t he film techniGue , a series of transmission pinhole photographs are 

taken with the sheet first normal to the incident beam, then inclined at an 

angle , about either the transverse or the longitudinal directions . The 

blackening of t he Debye ring of interest is observed a s a function of the 

angle ~ (Fig . 16) and plotted stereographically, using the rather complicated 

method described in reference 18 (page 282) . By successive changes of ~ t he 

-whole pole figure can be covered . Two important disadvantages of this method 

are the inaccuracy in visual intensity evaluations and the necessity of a 
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different geometrical net for each specimen examined . Thus only qualita-

tive pole figures are obtained . But they are often sufficient to give · 

information about an "ideal:t or predominant orientation and the degree of 

scatter about it. 

A more quantitative pole figure is obtained by "reading" the photo-

graphic film with a microphotometer and plotting isointensity contours . 

Hov1ever aq. absorption correction has to be applied . to take into account 

the variation with ~ and ~ of irradiated volume and path lengt h of the 

. (19) 
x - rays . This correction is given by the follotnng formula : 

I ~'l\ .~l 
I(O) c 

in which k a 

titanium. 

1 a a 
0 cos 

~ 
k 

0 

k 
0 = 

cos '\ 

29 
1 
a 

- L k(l+a) - k (l+a >1 \. sinh . k (l-a) 
0 0 ~ k(l-a) 

t r= • ~ is the absorption coefficient of 

2 C?S , 

cos 29 + sin 29 tan "'1) cos A., 

and 9 is the Bragg angle . 

This factor has been plotted on Fig . 17 for the (lOiO) reflection of speci· 

men 1 . Another inconvenient of the photographic method appears now: the 

absorption correction depends on tt·;o paralileters and a similar set of curves 

has to be computed for each specimen and each reflection. In the diffracto· 

meter method , the correction factor varies with only one angle. 

Intensities observed on different films are made comparable by examin-

ing a reference pattern of a fine powder of anatase (Ti02) taken and processed 

under the same conditions a s t he main pattern. Thus variat ions in exposure 

time and processing can be taken into account . 
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4 . 22 Diffractometer method 

A faster and more quantitative techni que for pole figure determination 

is the one originally proposed by Decker, Aep and Harker (20) . It uses a 

radiat i on counter associated with an x- ray diffractomet er (of vertical axis 

in the present case) . X•rays striking the spec imen are dif fracted to a 

stationar y counter, set at the proper 29 angle for the crystallographic 

plane chosen. The specimen holder allows rota tion of the s pecimen about 

the diffractometer axis and about a horizontal axis normal to the specimert 

surface . In order to ~~plore the complete Debya r i ng , the specimen has to 

be rotated about the second axis . The angle of t his rotation, ~ . is mea• 

sured clockwise and indica tes t he amount by which the transverse direction 

is rotated about the sheet normal , out of the horizontal plane, and i s zero 

when the transverse di recti on is horizontal (Fig . 18) . The angle between 

the sheet normal and the normal to t he pl ane , reflecting into the counter 

0 
is denoted 90 - a . For a given position of the specimen, the normal t o 

the planes which diffract x•rays towards t h e counter can be defined by the 

two polar angles a and ~ with respect to t he xyz axes: a is t he l atitude 

and ~ t he longitude or azimuth counted from the transvers e direction ( Oy) . 

Because of t he symmetry planes of the textures (the three coordinate planes 

defined by the xyz axes), the sign of a and p does not matter . a c 0 cor -

0 responds to pla nes perpendicular to t he sheet and a • 90 to planes 

parallel to it . On the stereographic projection ~ i s measured counter -

clockwise around the pole figure and a is measured radially from the 

equator towards the center of t he projec tion. In order to cover t he whole 

area of the pole figure , the specimen bas to be studied both in transmission 

and reflection<21>. I n transmission , the specimen may diffract to the 

0 counter ~hen set a t any~ angle , whereas the a range is limited to 90 -e. 
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The central part of the pole figure is determined by reflection. The 

counter is set at a new angular position 2e' , where it t-1111 receive a 

higher order reflection from the same set of planes (hkl); e • is larger 

than e . The specimen is initially set so that it bisects the angle 

between incident and diffracted beams (a; 90°) . In the reflection method, 

a can be varied from 90° to 90°- e 1 
• This way there is always a range 

of a angles where data obtained by transmission overlaps that obtained by 

reflection . This is not only a check , but it also allows to establish 

the correspondance between the intensity scales used in the transmission 

ond back reflection regions . For n given position of the specimen. 

described by the angles a and p, the measured intensity, after correction 

for absorption, gives a number which is proportional to the pole density 

at the corresponding point of the stereographicprojection. When a polar 

s t ereographic netis used, the plotting of the data is therefore straight-

forward . 

Two corrections have to be applied to the measured intensities 

before they are plotted onto the pole figure . There i$ first an absorption 

correction, because variations in a cause variations in both the volume of 

diffracting material and the path length of the x - rays within the specimen . 

Variations in ~ have no effect . The equations which apply to the conditions 

described above are : 

- for transmission(22 ) 

1ill::: ~ 
I(a:) cos e l u..t 1 Lcos (e -a ) /cos (e+a)l - 1 

exp -----
cos e exp 'l - "'t/cos(e-a)] -exp t - t-'-t/cos(e + a>1 
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( 23) 
- for back reflection 

1J.Ql ... t t+= [ 1 _ cos <e+e> 1 
I(a) cos e cos(e-a) 1 -

. exp t- r- tlcos e 1 
exp [ r-t I cos (c:Hf.) )-~I cos (a-e)] 

The absorption factor I (a) I I (0 ) has been plotted on Fig . 19 for the 

transmission method in the case of the (lOlO) pole figure of the 

three titanium spec iroons investigated , when molybdenum K
0 

radiation 

is used . The intensity entering in these formulas is the integrated 

intensity of the diffracted beam. The calculated correction factor 

is therefore meaningful only if the x- ray beam is not too divergent, 

so that it is received entirely by the counter . 

The second correction consists in subtracting the background 

from the total intensity , because it contains contributions which are 

not proportional to the density of poles . Tne background is measured 

by slowly scanning over the diffraction peak and noting the counting 

rate just before and jus t after the peak . The operation is repeated 

for each setting of a . The background intensity is assumed independent 

of ~ and is best measured by replacing the ac tual specimen by a texture 

free sample of the same f t . This random sample can also he used to 

measure the maximum peak intensity at various a set tings . The intensities 

from the textured specimen can then be expressed in multiplicit i es of these 

values corrected for background . This procedure saves the trouble of 

computing the absorption cor rection, since it is automatically included 

by the choice of the standard intensity levels . 

The equipment used in the performance of this experiment is a 

General Electric XRD 5 diffractometer equipped with a proportional counter . 

The specimen is mounted on an automatic integrating pole figure goniometer 
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(Model A 4968B) which allows both the c and p rotations. The specimen 

is held against a thin ring which rotates slowly in its own plane, 

thereby varying the angle p. In addition the specimen holder oscillates 

in a vertical direction ac the rate of one stroke per second with an 

amplitude of one inch. Thus the intensity from a large number of grains 

is averaged, even for the larger grain size of recrystallization textures. 

At each vertical stroke the ring is advanced about 15 minutes of nrc (every 

2 seconds) . ~~ile the~ rotation and the vertical translation take place, 

the a setting remains constant until the complete circumference of the 

Debye ring is described . Then the specimen holder is automatically rotated 

by 5° about the diffractometer axis corresponding to a 5° advance of the 

angle a . The intensity detected by the proportional counter is fed i nto 

a pulse height analyzer (Nuclear-Chicago model 1810 radiation analyzer) 

~n1ich lets only radiation near the characteristic wavelength chosen go 

through . Its output goes to a Beckman Universal E•put and Ti~2r, Model 7360 . 

This instrument is set so as to count x- ray pulses for 10 seconds. The 

total .number of counts is then printed on paper tape by a Berkeley model 1452 

digital recorder . The counting and printing cycle takes nearly 11 seconds 

but starts only at even seconds . Each number on the tape corresponds then 

0 to a range in ~ of about 1.5 of arc . An exact correlation between numbers 

on the tape and the value of ~ can easil y be established . Furthermore every 

time a changes by 5°, a coded signal is printed on the paper strip . This 

method produces information in numerical form, which is easier t o work with 

than chart recordings . 
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Errors in the interpretation of a pole figure can arise because of 

the presence of spurious intensity maxima . First there might be a second 

set of planes , (h'k ' l'), with nearly the same spacing than t he (hkl) plane~ . 

There is a possibili.ty that the counter, set to receive one reflection, 

gets also part of the second peak because of a too wide r eceiving slit 

or an excessive divergence of the x- ray beam. A proper choice of slits, 

made af ter the diff raction pattern in the neighborhood of the ?eak of 

interest has been explored , reduces considerably the chances of an error 

of that type . In the second place, there might be a set of planes. 

(h"k" l,.) , and a strong component in the white radiation of the tube for 

Hhich t he Bragg angle is almost equal to the Bragg angle 6 of the (hkl) 

plana~ with the Ka radiation .. Misleading maxima appear then when the 

orientation of the sample is such that the (hltl) planes contribute little, 

but the (h''k''l '') planes much , to the diffracted intensity . This cause of 

error can be eliminated in many ca ses by filtering the radiation and 

making a pulse height analysis of the pulses coming from the proportional 

counter . 

4 . 3 Texture of the Three Specimens 

4 . 31 Experimental details ax~ procedu~~ 

Each specimen was studied by both methods . I n the photographic method 

molybdenum Ka radiati on was t&ten. A zirconium fil t er ~liminated most of t he 

f, component (the (0002) and (lOll) maxima from K~ coincide almost with t he 

(lOlO) maximum from Kc) and r edueed considerably the components in the 

continuum the intensity of which is high in t he primary x - ray beam. 



~83-

Exposures of 3 or 4 hours were made . 'Y\, was varied in steps of 10° from 

0 0 to 70 • TI1e photographic method could not be applied to the third 

speciwen , which had too large .a grain s i ze and could not be translated 

hack. and forth i n the ;;c-ray beam. A qualitative and rather crude pole 

figure of the ( 1010) :.>l anes was made i n each case and used as basis of 

comparis on with the more deta iled pole figure obtained by t he diffracto-

met er , i n view of det ecting possib le spurious maxima i n the latter pole 

figure . Furthermore the films showed clear. well def ined rings and no 

streaks nor dark areas due to di ffrac tion of white radiation. The results 

of the diffract ometer method can t herefore be used wit h confidence. 

Although the pole figure of most interest in this study concerns the 

(0002) planes, t he (lOlO) reflection was preferr ed because t his line is 

better separated from adjacent peaks and the corre$ponding pole figure 

is still easy to interpret. In the diffractometer method 1 toolybdenum 

K radiation was preferred to copper» in transmission, beca use of its 
a 

higher penetrating power and because i t pr oduces less fluorescence i n 

t he specimen . A 1° divergent beam has been adopted so that a fairly l arge 

number of grai ns are irradiated simultaneously . No r eceiving slit i o used 

0 
in f ront of the counter u indow, which has then an aperture of nearly 1 

and can receive the whole ( l OlO) peak but uo appreciable contributions 

from t he adjacent (0002) peak . . Thus the counting rate will not be 

af£~cted by a possible change in the shape of the peak when a is varied . 

Wavelengths other than MoK
0 

are pr~vented from reaching the counting unit 

by a zirconiu01 filter and by the pulse height analyzer. 
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X- rays of wavelengt hs greater than the zirconium absorption edge and not 

eliminated by the radiation anal yzer , will not contribute much to the 

diffracted intensity, because they correspond t o weak components in the 

spectrum of the incident beam. For the back reflection region , copper 

radiation and the (2020) planes were chosen because the corresponding 

angle e• was large and allowed a larger range of variation for a (about 

40°) . However no useful information could be obtained, on account of a 

poor peak to background ratio and too small a density of poles in t hat 

region of the pole figure . The range 70 < a ~ 90° of the pole figures 

has thus not been determinea . This is no handicap , because the trans­

mission data alone determine the texture without ambiguity . 

Background corrections are obtained experimentally as described 

earlier . The correction for absorption is computed from the average 

thickness and tbe tabulated mass absorption coefficient , although an 

experimental measurement of ~t would have been pref erable . A co~ 

parison with a random sample has not been estimated useful. Isointensity 

contours drawn in arbitr~ry units , but equally spaced , give a representa­

tion of the texture significant enough for our purpose. 

4 .32 Results of the texture investigation 

The pole figures of specimens l, 2 and 3 are reproduced in Fig . 20, 

Fig . 21 and Fig . 22 . 

Although the pole figure itself is the best description of the tex­

ture , it t-Till be convenient to represent it by an ideal ori entation , i.e., 

t he orientation of a single crystal whos e poles lie in the high density 

r egions of the pole figure . This will s i mplify the interpretation of t he 
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Pig. 20. (1010) pole figure of specimen No. 1 . . 
The mean orientation is indicated by 
little squares. Isointensity contours 
are equally spaced (200 in arbitrary units). 
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L .D. 

0 ORIENTATION a 

6 ORIENTATION b 

e ORIENTATION c 

Fig. 21. (1010) pole figure of specimen No. 2 with 
indications of the predominant orientations. 
Isointenaity contours are equally spaced 
(150 in arbitrary units). 

T.D. 
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• ORIENTATION d 

A ORIENTATION e 
e ORIENTATION f 

Fig. 22. (1010) pole figure of specimen No. 3 showing 
three predominant orientations. Isointensity 
contours are equally spaced (150 in arbitrary 
units). 
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experimental results in a later section. 

There are six areas of high dansity of poles in the stereographic 

projection corresponding to specimen 1 . The centers of these areas , 

indicated by little squares , represent tha poles of six equivalent (lOlO) 

faces of the hexagonal p~ism of a single crystal with the following 

orientation: the ~lOl01 direction l s parallel to the longitudinal 

direction (the x axis) : the hexagonal unit cell is t ilted in such a 

0 
manner that the basal planes are rotated 4~2 out of the roll ing plane 

about the rolling direction. There are two equivalent orientations 

defined by these angles• they are mirror images of one another with 

respect to the plane of the sheet. 

The pole figure of specimen 2 looks similar to t he previous one . 

There is o large amount of preferred orientation: the l lOlO ) direction 

is still parallel to the x direction and the unit cella are tilted about 

0 that axis by an angle of ±29 • This orientation was produced by the 

longitudinal rolling . The only effect of the second , transverse rolling 

was to reduce the angle of tilt (although it might have been smaller than 

in specimen 1 initially because of the lesser reduction of this spec imen) 

and to change the distribution of the poles about the ideal orientation: 

t here is leas scatter in the angle of tilt but more scatter of the l lOlO) 

direction about the x axis . In addition the texture has two very weak 

components corresponding to grains with the s axis parallel to the x and 

y directions respectively and (lOlO) contained in the plane of the sheet . 

Specimen 3 , although it exhibits a highly textured character, is 

rnnde up of more than one preferred orientation. The same orientation as 
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above has survived the recrystallization treatment . [ lOlO] i s parallel t o 

0 0 the x axis , the basal planes are rotated by 31 ±2 about it , out of the 

plane of the sheet . The scatter of the [10101 direction about the x axis 

is quite considerable and it is not impossible that the orientation is 

actually double: in addition to the rotation about (10101 of the basal 

0 
planes there i s a small rotation of !4 about a perpendicular to t hs plane 

of the sheet. A second series of high density areas corresponds to grains 

having their c axis along the x direction and the ( lOlO)direction along 

the y axis . Finally there are two other sets of areas where poles are 

clustering , but to a lesser degree . However their interpretation is not 

unambiguous. In order to be able to draw definite conclusions a (0002) 

pole figure is required . The small number of grains having t hese orienta -

tions did not justify such an investigation. The corresponding areas of 

the pole figure can be inter preted as related to grains oriented with the 

£ axis perpendicular and parallel to the plane of the sheet and the (10To] 

direction along they axis and the sheet normal respectively . A partial survey 

of the central part of the pole figure using the back reflection method , 

seems to indicate the presence of a maximum at the center of the pole 

figure . This fact would support the preceding interpr etation . 

Table I which follows summarizes the texture of each specimen by 

giving its predominant orientati ons. Angles w and X of the sheet normal 

and the longitudinal direction with the c axis of each orientation are 

also listed . No attempt is made to explain these textures and to r elate 

the recrystallization texture to the deformation texture from which i t has 

been obtained . It shall only be noted that in the case of similar treatments , 

t he resul ts are in agreement with findi ngs b y Keel er and Geisler(24) . 
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5 . EY..PERIMENTAL RESULTS 

Each of the three specimens , prepared and examined for texture, 

uas then mounted on the specimen holder and its resistivity and Hall 

0 coefficient measured between 4 . 2 K and room temperatu~e as has been 

described in section 3 . The results are presented below and are 

summarized in Table II . 

5 . 1 Electrical Resistivity 

The results of measurements of the electrical resistivity of the 

three specimens investigated are plotted on Fig . 23 . Although the curves 

are very similar in shape and at a given temperature the resistivities 

of the three samples are not too different , the slopes of the linear 

portion of these curves differ from s pecimen to specimen. Before these 

differences can be attributed t o anisotropy, it must be verified that 

they are not simply due t o experimental errors . As seen earlier , whereas 

the value of the resistance is accurately known, there is a 4% un-

certainty in the geometrical factor k1 and hence the resistivities . This 

uncertainty does not affect much the 1~1 temperature part of the curve, 

but near room temperature a 4% change in the resistivity of specimen 1 

would transform it to a value very close to the resistivity of specimen 2 

at that temper atura . A 3% decrease of the resistivities of specimen l 

and a 2% increase of the resiativities of specimen 2 makes these two curves 

coincide over aln~st the whole r ange of temperature . Furthermore . this 

common curve is much closer to a straight line and t hus more likely correct . 

if the Gruneisen forfiula is assumed to hold . Aa far es apecimen 3 is 

concerned , the uncertainty in k1 is not sufficient to bring ita resistivity 
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·curve in coincidence uith the others . It can be noticed, hot4ever, that 

the slope of t his curve is nearly the same as the slope of the curve 

common to specimens 1 and 2: the two principal components ~\1 and ~..1. 

of the resistivity tensor have a very similar temperature dependence . 

Coming to t he value of the residual resistance and the resistance 

ratios , an indication of the purity of the material, it is seen that 

the values obtained differ by more than 4%. The differences are 

significant (especially for the resistance ratios where the uncertainty 

in k1 does not come in) and can be interpreted in terms of a difference 

in purity of the samples, in addition to the anisotropy effect . Specimen 

l might have suffered a slight contamination during its preparation . The 

better conducting propertie~ of specimen 3 most likely have their origin 

in the annealing treatment which eliminated many lattice defects, un-

a ffected b.~r treatments at loHer temperatures . 

The values of resistivity obtained in this investigation are in 

good agreement with published dnta <6 •25) and the spread in the values 

0 both et room temperature and 4 . 2 K seems to have been less extensive than 

has been reported previously . This arises probably from the fact that 

the samples were all made f rom the se.me pisce of titanium. 

5 . 2 Hall Coefficient 

The variation viith temperature of the Hall coefficient l\i for t he 

three specimens is displayed in Fig . 24 . wnereas two of t he samples have 

very comparable Hall coefficient versue temperature curves, specimen 2 

show£ a quite different behavior . Before making any further comments on 
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these curves , it should be noted that it is meaningful to characterize 

the tempera ture dependence of ~ by a single curve only when ~ is 

independent or the magnetic f!e l d . Earlier investiBations as Hell a s 

the data shown in Fig . 25 c le~n:·ly establish t he proportion .. 'llity of the 

Hall voltage with magnetic f i eld . Therefore the Hall coefficient can 

be derived froo mensurementG at any f ield s trength and the observed 

d iscrepanci es have to be a ttributed to some other cause . 

The most striking feature in common to the three curves is their 

general form, very much reminiscent of the lattice specific beat curves . 

This suggests that the mechanism of sca ttering of the electrons by the 

lattice might be an important factor in determining Ra together with 

the e lectroni c structure . In many cases the latter factor is more 

important and P~ varies lit t le with temperature . For titanium a t low 

temperatures the oppos ite situation might exist . Above 100°K a more 

usual behavior, with an almost constant Hall c oefficient , is observed . 

'!'he major difference between specimen 2 and the others is the 

posi tive value of its Hall coefficient above 77°K. If the differences 

in Hall coefficient ere attribut;ed to anisotropy, this means that t h ere 

must exi st one or several crystallographic directions , in which the Hall 

coeffici ent is positive. I n a detailed interpretation of the results , 

other factors like impurities will also have to be considered . The numbers 

themselves agree with results of other investigators: valueu in the same 

intervals are obtained a t all temperatures . I:· has been attempted in this 

study to get a more detailed shaP,e of the Ra versus T curves in order to 

0 make sure tha t their slope does not change sign above 77 K as one of 

Berlincourt's samples seemed to indicate (a difference in texture could 

account for this fact). 
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6 • DISCUSS ION 

>., 
\ 

The electricalproperties of titanium measured in this study will 

now be discussed on the basis of the band theory of solids and the 

phenomenological t heory of the l~ll effect developed in section 2 . 

Titanium ha s the electronic c~figuration 3d24s2 and hence has four 

electrons beyond the argon shelL At 0°K, these e l ectrons, which 

a re responsible for the p~operties under consideration, occupy energy 

states in wave number or k~space up to WF , the Fermi energy. n1e -kinetic energy of the electrons, W(k), is not a continuous function of -k. Discontinuities occur at certain sets of planes forming a polyhedron , 

the Brillouin zone . Since the electrical properties of solids are 

determined by elect rons occupying energy states near the Fermi energy, 

they depend strongly on the relative configuration of the Fermi surface 
-t 

viF (k) and the Brillouin zone boundaries . In the reduced zone scheme, 

the Fermi surface consists of portions of surfaces belonging to dif ferent 

Bri llouin zones and the contributions to the electrical properties from 

these various surfaces may be quite different (multi-band models). In the 

case of titanium, it could be attempted to explain the observed properties 

from a preconceived model of its Fermi surface , which coul d then be refined . 

The assumed band structure consists of two or three overla pping Fermi 

surfaces ( l]) : one (or two) 3d band (s) and a normal 4s band . Each of t h e 

bands associated with the different surfaces is assumed to be almost filled. 

tn addition , an upper band, completely empty and separated from the others 

by an energy gap, is assumed to exi st . 
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6 .1 Electrica l Resistivity 

The electrical resistivity of t i tanium is particularly high in 

comparison to copper and even its immediate neighbors in the first 

~ransition seri es . This high value is in agreement with the small 

density of vacant states near the Fermi energy predicted by the 

proposed band s tructure. The variat i on of electrical resistat~e with 

temperature is expected t o be linear for temperatures above the Debye 

tem,erat ure as long as there i s no change in the band structur e . 

Although t he linearity is not clearly apparent in the plots of Fig . 24 

because of t he error in t he factor k1 , a curve of the res istance ratio 

0 R(T) / R(295 ) sh~fs i t much bett~r . The departure from linearity in 

the direction of lower conduc tivit ies is expl&ined by the presence of 

lc.ttice defects introduced during the preparution of the specimens . 

A departure in the opposite direction, due to the increase of conducting 

states a s electrons are thermally excited int o t he upper band, becomes 

important only at higher temperatures (above 200°C) . 

However , as noted ear l ier, experimental uncertainty ·is not sufficient 

to account for t he different behav ior of t he three specimens . A differ-

ence in purity is most certainly a factor favoring auch differet1£es . 

Since no quant i tative analysis is available, no definite conclusi ons are 

possible . However, it is not believed that the small a mount of i mpurities 

present is the only factor. Another expl anation takes into account the 

anisotropy of the Fermi surface in relation t o the hexagonal symmetry . 

Conducti vity is char acter ized by a tensor which ha s two independent 



-100-

c omponent s \»\\ and e. .l. I f in a single crystal the current makes a n 

angle X with the hexagonal axis, t he resistivity measured in that 

direc t ion is <26): 

The resistivity of a polycrystalline sample is an average of the resisti v-

!ties of all its grains: 

e -
'tf/2 J ~('X. ) n (x.) d )<.. 

0 

J
n/2 

n (x ) d ?(.. 
0 

in which n(~) d 7<- is the nud>er of grains , the _E axis of which makes an 

angle between ± X. and ± ("x:. + d~ ) with the direction of the current. 

T11is formula neglects grain boundary effects a nd is therefore not very 

realistic . Knowing n(~ ) t ~ can be calculated in terms of e\\ and ~l­

and conversely E> 11 and ~.l. can be deduced from the resistivity of 

several textured specimens for which n(~) is known from the pole figure . 

If the distribution of poles i s sharply peaked about a small number of 

X angles , n ("'(. ) can be approximated by a set of delta functions and 

where n
1

, n
2 

•• are the fractions of grains having orientationa?l, 1( 2 •• 

respectively . 

In spec imens l and 2, only one orientation is predominc:mt: X. • 90° . 

The corresponding resistivities are r l c: ~..L. and e2 • e..1.· In specimen 3 



-101-

0 ttvo orientations are important: x.1 "" 90 and "X2 • 0 with n1 ~ • 7 and 

n2 ~ .3 . Then ~ 3 a .3 1?
11

+ .1€..1..· Plugging the room temperature values 

into these equations one obtains \'\\= 35 r-CLcm, t>..t."" 47 r-U.cm. These results 

are not very meaningful because ~l, ~ 2 , ~ 3 i nvolve a large un-

certainty and because the distribution functions n ()l) have been over-

simplified . There are reasons to believe that ~\\ and ~~ are almost equal . 

Tberefore reliable values can only be obtained by using single crystals 

and measuring ~ in various directions on the same sample . The difficulty in 

the interpretation of the present results comes from the fact that several 

fac tors act s imultaneously and not enough information about them is available. 

Experimental uncertainty furthermore reduces the chances of a detailed 

explanation. 

If derivable from the experimantal results , the values of e11 and ~~ 

could be used to deduce certain features of the Fermi surface in the a 

and£ directions . In fact, e\\ and ~~are given by the following expressions : 

l 
2 

~ F . S . 
't(k)(~"'F ) 

2 
dS e 

c: 
4n E>n ()kJ \grudk H.F \ 

.! 
2 ~ 1: <k>(WF) 2 dS .., L 

e.L. 41C F.S . ~k2 \ grad}t w, \ 

in which t he integration is over the Fermi surface, L(k) is the relaxation 
..... 

time and WF (k) the Fermi energy . 

The use of these expressions i n the hope of refining the picture of 

t he Fermi surface requires accurate data. But even then the interpretation 

is delicate and not a lways unique. The fact that the Fermi surface overlaps 
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or nearly overlaps the Brillouin zone in certain directions in k•space 

would account for a smaller resistivity in the corresponding directions 

of t he real lattice. 

6 . 2 Hall Coefficient 

The Hall coefficient at a given temperature can be interpreted ou 

the ba8is of several possible models . Titanium being a transition metal 

with two types of charge carriers, a two band model has to be chosen. 

The isotropic two band model gives the Hall coefficient as: 

~ . y \ ~, - ita.,) ~ '1-~0, <i""o'L + \_tl_ Uo, <f""oL 
:: _ _l_x n, V\ 'L.. e. t.. n' . .., l.. 

R~ 
\ ,. ~ 

e. c. a. +l1!_-Y \n.- "~ l• 2. 'L 
~~01 1- Q"Ol.) Uo 1 Uo2.. 

e c.. nl. . V\'l. 
\ '1.. 

In this expression ~l is the conductivity of electrons of band 1 whetl 

H • 0, n1 is their density of states near the Fermi energy; ~02 , n
2 

are the corresponding values of band 2 . o~. the same model the 

conductivities are given by: 

(J' • <1"01 + ()'""02 • + ) 
There are thus six unknown parameters and only two experimental values 

to determine them. It is therefore not surprising that almost any 

experimental curve Ra(T) or ~(T) can be fitted by an appropriate choice 

of these parameters and their temperature dependence. In order to 

determine them uniquely, other pr operties have to be measured in t erms 

of the same set of parameters, which should then be able to predict 

additional properties of the material . However it often turns out that 

the same set of pa~ameters is not able to deac~ibe several properties 
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simultaneously (for example Hall effect and magnetoresistance). The 

procedure is therefore mere curve fitting and has not much in common 

\·lith .:: re-..alistic picture of the electronic structure. In addition 

this model does not allow to predict different values of Ru for 

different specimens of the same materie.l. 

Impurities have often been held responsible for the scatter of the 

experimental data. In the present cas~ however, the three specimens had 

very comparable purity because they were made out of the same piece of 

titanium and great care was taken in the preparation of the samples . 

Furthermore, the fact that specimens 2 and 3, actually the same piece of 

material, gave drastically different Hall constants (even the sign of ~ 

changed) just by heat treatment, seems to rule out the influence of 

impurities as predominant cause of differences in ~· However, other 

experiments and theory show that impurities affect the aall coefficient 

much more strongly than other properties like resistivity. The effect 

of impurities cannot be completely neglected in a detailed discussion. 

Similarly it is not very likely th-5-t a size effect could explaln the 

differences observed. In copper, where systematic studies of such an 

effect have been made <
27

) • ~was found independent of thickness provided 

twas larger than the electronic mean free path ( t > 0 . 1 mm) . In this 

study t t-las in this critical range. However the mean free path in 

titanium is expected much shorter than in very pure copper. In addition 

specimens 1 and 3 had different thicknesses but similar Hall coefficients . 

Although a size effect cannot .be completely put aside, it is not suffid.ent 

to explain the experimental results . At any rate such an effect is not well 
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nnderotood and \-i'OUld be difficult to be ev.duated quantitatively. 

On t he other hand, it is possible to obtain a consistent interpre-

tation of the results of t he measurements by .assuming a dependence of 

the Hall coefficient on crystallographic direction . In each grain the 

Hall coefficient becomes then a function of the angle ~ between the 

magnetic field and the hexagonal axis: 

~.. ( ) o 2 R . 2 _1{ CJO "" .u. \\ COiii W + .L. Sl.\l u;) 

It varies from & \\ to ll ~ in a continuous fashion and, since both 

positive and negative .values of ~ have been measured, one of these 

two coeffi~ients is negative· and the other positive . In the case of a 

polycrystalline sample th0 measured Hall coefficient is a weighted 

average of the contributions from the different grains depending on their 

orientation with respect to the magnetic field: 

1
1( 

n( w,,S ) 2a (w ) sinw d w 
0 

}

. 2;c 

d9 
0 

n(w,9 ) sinw d w 

In this formula n(w,~ ) is the number of grains per unit solid angle 

the hexagonal axis of which has polar angles w and ? in the xyz system 

of coordinates . Proceeding as in 6 .1, we replace each textured specimen 

by its ideal orientation in order to get order of magnitude estimates 

of R I) and R ..L • 

0 ( w a:' 45 ) 
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Specimen 2 : ~2 
• ~ (3 R. \1 + RJ. ) (W • 30°) 

Specimen 3: ~3 
• . 30 l\t(90°) + . 70 ~(30°) • .48 ·R..L + . 52 a. 11 

1 
At room temperature t:he values of Rri and 

2 Ru lead to Rl\ '"' + 4 . 2 and 

RJ- .,. -7 . 7 in units of w ·ll m3/couloab . Substituting these value~ into 

1\t 3 one gets ~ 3 "' ·1.5 instead of the measured value of -1.84 . At 

liquid nitrogen tempr!rature~ one obtains similarly r~ L\ <.<; +2 . 63 and R.J. .. 

-7 . 9 and a calculated value f.or RaJ of -2.4 instead of - 2 . 75. At 

liquid hel ium temperature, the corresponding values are: Rl\ • -2 .4 , 

3 
R. .l.. o -11 . 4 and '\t "" - 6 . 75 i nstead of -6 . 45, the observed valu.e. 

At least qualitatively the results are consistent . For sped.roon 3 

one of the components of the ta:lcture favors a positbre Hall coefficient 

and the other a strongly negative •J'alue; the overall effect is a negati v e 

3 
1\I • The magnitudes of a

11 
and R.l. given abOile are mot'e questionable, in 

view of the uncertainty in &a and especially the crude assimilation of 

e textured sample to a perfect single crystal . Calculations vJith rnore 

detailed eltpreaaions for n( w ~ ¢ ) , as can be constructed from the pole 

fi.gures, 1-1ould not produce much more reliable nurrbers, the effect of grain 

boundary scattering and all lattice imperfections being neglected. However, 

it 1s believed that the d i fference in sizn of th~ t~o c oefficient o i s 

signific~nt . U should finally be no;ed that the values of 1l 
11 

and R .1. given 

above .:illow to account for the s pectrum of Hall coefficient values publi shed 

before . 

Before commenting on the consequences of opposite signs of the two 

princ i p.aJ. Hall coefficients, a brtef remark t>~ill be uncle on the tem:>erature 

dependence of ~1 • As not~d e~r.lier and as can be seen from the reeul ts 

1 2 3 just given; Ra , !)
1 

~ n.
8 

as well as R 11 and R ..L. ha.,re very much the same 
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type of temperature variation, analogous to lattice specific heat curves, 

although the e~tent of this variat ion may depend on crystallographic 

direction . Ra could therefore depend on the mechanism of scat ter ing : at 

low temperature, impurity scattering is predominant, whereas near room 

temperature~ lattice scattering is more important . The two mechanisms 

may very well lead to different values of the reLLxation time and hence 

the Rall coefficient . However if this were true, a similar effect should 

be observed for all metals. A better explanation may therefore be found 

i n very sensitive overlap conditions of the different sheets of the Fermi 

&urface . 

A tempting explanation of the difference in si3n of R 11 nnd R~ 

involves very sensitive overlap conditions of the energy surfaces among 

themselves and with the Brillouin zone, which depend on the direction 

in k•space. However, in order to relate Rl\ and R~ to the constant energy 

surfaces, a detailed model of the transport problem has to be developed, 

taking into.account the anisot~opy of the Fermi surface, the anisotropy 

o£ the scatterins, impurity effects ,etc. lt is not possible to rely only 

on intuitive arguments or qualitative reasoning . The Hall coefficient 

depends much more on the detailed shape of the Fermi surface than resistivity, 

for instance, and in each of the components of the galvanomagnetic tensor, 

contributions from all parts of the Fermi surface have to be considered . 

A theoretical formula taking these factors into account can be derived 

from the Boltzmann transport equat ion by assuming the existance of a 
_.. 

relaxation time ~(k). In t he first order in the magnetic field, the follow-

i ng formula is obtained for the Hall coefficient<28>: 
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2 r t 0 ¥J' ) 2 d~-'f R..__ (k) "" -eN~.~-- f ~ ---z 
-11 "' F . S ~ u y o k X y X 

...,. 

o vJ ---ok 
X 

(a) 

In this formula W(k) is the Fermi energy. The integration is over the 

Fermi surface . Current, magnetic field and Hall field are directed as 

in Fi g . 3a and 

\
"'I H ) 
ok 

X 

N • 2 ( 
y j F . S . 

-41 

't (k) dS 

\ &ra~ ~J \ 

If the crystal is oriented with its principal directions a long the xyz 

coordinates axes , the expression for the Hall coefficient reduces to : 

-~ (k) c 
{:

2 
( k ) dS 

\ gradk \~ \ 
(b) 

N and N are respectively proportional to G"' and try ' the conductivities y X X 

in the x and y directions . Formula (b) can be used to calcula te R \\ a nd 
~ 

R .L if the functional form of W(k) , the equation of t he Fermi sur fac e, i s 

g iven . The sign of Rg depends ther efore on ~2W/a k2, a quantity which is 
X 

proportional to the reciprocal effective mass in the direction of the current , 

which \..ras not obvious a priori . Ra is , however, a weighted aver age of t h is 

quantity over the entire Fermi surface . Negative and positive contributions 

to ~ can be distinguished by considering separately regions of the Fermi 

surface where the curvature is positive and negative . Ra• which is a measure 

of t he difference of carriers having electron - like properties (positive 

curva ture) and the number having hole-lilte properties (negative curvature), 

i s t hen g iven by(29): 
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-1 

) F . S . 

where p rs flk is the component of the electron momentum in the 
~ z 

direction of the magnetic field; Se and Sh are closed a reas formed 

by the intersection of the Fermi surface with a plane perpendicular 

(c) 

to k • Electron-like properties are associated with areas which have z 

states having energies less than WF, hole-like properties with areas 

·which have states of ener gy great er than WF . In formulas (b) and 

(c) it is apparent that the Hall constant depends on the detailed shape 

of · the Fermi surface . A vague model is not sufficient to predict, 

even in a semi- quantitative way, the sign of ~ and certainly not its 

magnitude . In the case of titanium, where the Fermi surface is mul t iply -connected, t her e is little hope to deduce it from the knowledge of P~ (k) -and ~ (k) alone. 

If the Fermi surface is taken as an ellipsoid of revolution, R\\ 

and R .L. can be calculated in terms of its axial lengths, which in turn 

can be related to the carrier density and their effective mase . To do this, 

equation (b) together with similar expressions for the conductivity, has 

to be used . However, this model is not very realistic since it does not 

explain posi.tve values of Ru (for an ellipsoid, the curvature is always 

positive and ht::nce Ra negative) . Two techniques can be used to improve 

the estimate . Assuming a simply connected Fermi surface , its shape might -be determined by solving the integral equation (a) where ~ (k) has been 
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-determined experimentally for a l l orientations of k . The second solution 

considers the Fermi surface as made up of two interpenetrating sheets 

correapond1ng one to electrons, the other to boles.· If ellipsoids of the 

{30) -
s~mc orientation are taken as first approxi~tion, H. Jones has shown 

that the Hall coefficient could be written: 

~ (· ) is the contribution of electrons to the conductivity in the x 
X 

direction. ~ (+) is the contribution of holes to the conductivity 
X 

i n the x direction • crx ta (jx ( - )+ <rx (+ ) 

n(·) and n (+) are the density of e l ectrons and holes near the Fermi 

surface in k-space . 

The partial conductivities are expi:'ess i.ble in terms of the axial 

lengths of the corresponding ellipsoid . The experiment yields four values: 

R \\ • R J... • ~ \\ and e.J. • Hor.oJever, there are six unknowns . So, even w:l th 

this imperfect u~el , there is no unique de t ermination of the energy surfaces 

in the solid . If , further more, the assumption of an ellipsoidal Fermi 

surface is not made, many shapes can be f ound for the Fer mi surfnce, which 

account for the observed Hall coefficient&. Ther efore, before any quanti· 

tative interpretation of t he Hall measurements can be attempted, a fairly 

detailed model of t he Fermi surface of titanium ~~st be worked out. Such a 

model is not available yet, but should be obtained in the next few years by 
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...... 
! t shoulc: b e no ted that:, :!. i tl:.c funct:i.onal r.elation~hip ~' (1::), :: .• e . , 

th~ e<1uation of the !lcroi surface, possesseD t he point sroup sy;"!l~E:try 

o f the c r ysta l, formulas (a) and (d) g:J.ve the :.~u~e dependence of Hal l 

c oef f i cient on or ient ation a;; the phenome nological tlwory ?l~e:.!~nteJ :b1. 

section 2. !n m.:1ay cases this fact is not oln r :!.ous by j ust lookir.:.:: a!~ the 

iLnte3rals, but can be ched~ed in e.-J.ch c a s e by carrying out th::-1 . Clllc u!.a--tions, using a specif:lc func t ion '\·l (k) hav i ng the proper ::qr.arnetry. Th e 

difference bet;>ee;.-. the physical and t h e phenomenological appr.o.:1c h es 

<>.t. L:;;es from the fact that <Xle e:;~pressea cvcryth :i.n3 in ter.:ns of cond.~1ct hr-

i,t ies and t he o the r in terms of resi sti\•itics . The resul t s however a.:c 

!-.:> f;;,. r as t he present study is concerned~ t b.e ;1r.,~v ious rem:~:>:!:.." ~-rill 

j-..stlfy the f e e t that no conclusio~"1.s ar~ dr aun f r om the r elativ e signs 

and R ~ • Ucva:-:z.holeos ~ ther.e i~ little doub t that 

~ositive sign of R IJ is associated ~~:.!.th a r c~gio:r:>. of the Ferrr;i ~;~urf ::1ce 

vary clos e to the nrillo~.lin zone boundary, 1:1here the curvature is 

n egative . Ho~·1ever.p it is not obvious in \-lha t directtom:: in k -spcce this 

::dtuaUon occurs . The hypothesis of an overlap :1t t he (0002) f ace;s of 

the Brillouin zone su~geated by t he Jones str esa theory ;ray not be t h e only 

possible oxpla~~tion . 
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7 • CONCLUSION 

The investigation of the Hall coefficient of three specimens of 

iodide titanium from liquid helium to room temperatures has shown a 

strong dependence of this coefficient on temperature, i mpurity content, 

and preferred orientation. Although, at present, no gener al model can 

explain quantit a tively all the observations, several factors can be 

considered . It is shollm that impurities, size effects • changes in the 

scattering mechanism and a dependence of Hall coefficient on crystallo­

graphic direction can account, at least in part, for t he experimental 

results . Even if all these factors may play a certain role in the value 

of the Hall constant, the results of this investigation as well a s of 

earlier work can factually be interpreted by consider ing only the 

orientation effect . The anisotr opy of the hexagona l symmetry causes 

different values of ~ in differ ent direc tions . A positive value ia 

obtained ~en the magnetic field is directed along the s axis and a 

negative value occurs when it lies in the basal plane. 

The fact that no definite conclusions are drawn from these findings, 

is due to the lar.ge number of unknown parameters that appear in t he 

theoretical f ormul a s derived from the transport equation. These para­

meters can be estimate(! from other properties or assumed by the model. 

Then some qualitative fe~tures of the Fermi surface could, in principl e , 

be deduced from the Hall data . However it seems easier to wor~ in the 

opposite di rection and determine first, by experiment, valuw~ of t hose 

parameters and use topological methods to construc t a model of the Fermi 

surface . The assumed electronic structure can then be tested by l{all 
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measurements . This procedure is more satisfactory than just a fitting 

of the data by assuming a fairly arbitrary model, even if this model 

leads to not unreasonable results . In both cases the interpretation of 

the data may not be unique . 

Although the information gained by Hall measurements is not compl e te 

and does not allow an overall picture of the electronic structure, such 

measurements are of nigh interest, especially if carried out with single 

crystals . In the case of titanium the temperature range from 300 to 

0 . 
1100 K should also be reinvestigated. Such measurements would provide 

more accurate and more reliable values of the galvanomagnetic coefficients. 

By combining these values with other results, a more detailed model of the 

Fermi surface may be derived and the Hall effect data may be useful to 

decide between several possible models. In the case of copper, a similar 

procedure has been successfully carried out (~9). Eventually it may 

become poss ible to use the same model together with a consistent set of 

formulas to give correctly all the major electronic properties: specific 

heat, magnetic susceptibility, resistivity , galvanomagnetic and thermo-

magnetic effects, refractive index • •• In the case of titanium, where many 

of these properties depend on orientation, this situation is far from 

being attained. 
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