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Abstract. Hall ¢ffect and resistivity measurements were conducted on seven Cad-
miwm single crystals and two polycrystaline specimens. Hall components B, and
B were determined as B, =140 and B,/=0.38 (103 m*[Cb) while the resistivily
components were calculated as o, =7.01570.7173, p,= 6.33F0.7167 (10—8% 2.m}. The
temperature dependence of resistivity found to be linear.

Hall effect and resisiivity componenls ware predicted by wusing empirical formulae.

In defining galvanomagnelic effects in anisotropic materials one
usually writes | 1| for the electric field:

E:pik(B)jk (1)
where pix (ﬁ) is the electrical resistivity tensor and jx the current
density.

Assuming B to be small enough in the areas of interest, one

expands pix (B) as a Taylor series in terms of the components of B
vielding:

e (B) =¢ @+ RO By + R@ BpBy + .....
where
Pl = okt
1) — bPik (§) —
Riwp = 2Bo B=20
(2) = 1 bapik(ﬁ) —
Raea 97| 3BB, |B = 0
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If Tollowing Casimir |2]| we reler the corresponding components
Lo a suitable rectangular coordinate system we get:

Ei=2 oijj + (r x i) (2)
J

wbhere _r> 18 the Hali vector such that
T(B)=—7(=B)

Taking into account (he elfects of microscopic reversibiiity and
cryslal’s symmetry, it can be shown |2,3,4| that [rom (he 27 existing
components of the Hall tensor only two are independent and the same
applies to the resistivity temsor.

Those components are usually designated as Ry (= — R{Y), and
R, (= —R{), = —R{), where Ry represents | 5], the Hall elfect when

the magnetic induction is parallel to the hexad (c) axis (the specimen
current, and the Hall voltage are orthogonal 1o each other and to the
magnetic induction lying in the basal plane), whereas R, represents
the Hall effect when the magnetic induclion is normal to the hexad axis.

py and p, represent Lhe zero [ield resistivities measured perpen-
digular and parallel to the principal axis respectively.

Stringer and coworkers |6,7,8] developed an experimental method
“ which enables the Hall tensor components to be determined in the
low field condition (wet <€ 1).

In TFig. (1) the experimental arrangement is depicted. The sam-
ple’s plane is the xy-plane, ¢, § being the angles defining the position
of the hexad axis, v is the induction’s azimuth.

Il the Hall vollage is plotted against the rotation v, a sinusoidal
curve results, which in the case of anisotropic materials, 1s phase shif-
ted by an angle ¢, due to the dilffering ratio of By to Ry in the signal
as the hexad axis is rotated relative to the magnetic [ield.

The Hall, voltage could be represented by the equation

V{y) = Vmax sin{y+4¢) (3)
where ¢ is given by the equalion

¢ = arctanVy /Vx
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and
Vy=Vy sin% 4+ V| cos
Vg = 1 | Vi -V indsin
=5 i - ¥, | sindsinle
and Vmax — l V)'-z;\vﬁ'i 1z

Solving equation (3) for two values of v eg y = =/2 and 0 one gets for
the components of the [Tall tensor R;, and Ri:

V t T te
Ry =-a = R(5) + RO,

BI 2 sind
{4)
Vit T tans
R =57 = R(T) — RO G
where
R (%) == Bmazcosd

R{0) = Rmaxsind

One could therefore determine R,;; and Rl experimentally having
obtained [lirst the peak value of the Hall voltage Viar and the phase
shift ¢, through equations (4).

As far as Lhe resistivity tensor components are concerned it has
been shown | 6] as well that it is given by the equation:

o =p;; 608%C08E + pl {1 — cos2ec08%8) {5)

meaning that il two at least crystals of dilferent orientations are a-
vailable, one could eliminate g,, and g, solving the simultaneous equa-
tions, resulting from equation (5).

Hall effect measurements on single crystals ol cadmium have been
earlier reported by Noskov |9/, Stringer et al | 6,7,8|. The results of
Noskov and Stringer et al, exhibit a marked difference, the results of
the latter being considerably higher than those reported by Noskov.
The experiments of those workers were conducted on six single cryslal
specimens which though were ol approximalely the same orientation.

The difference in the values of R;; and R1 quoted by the various
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authors may resull from a variety of reasons, the main of which are:
errors in the determination of the angles ¢, 8, ¢. Lane et al | 6| discus-
sed in some detail the result of such errors.

As far as resistivity measurements are concerned there are no mo-
re known than those quoted by Hurd |1 | and no resistivity measure-
ments versus lemperabure are reported.

EXPERIMENTAL

As slarting material, BN pure metal rods were used, supplied by
Kech Light Lah.

Single crystal specimens were grewn by a modified DBridgmann
technique. The apparatus used is shown in Fig. (2). The charge was
inserted into a graphile split meuld which was Inserled inside a quartz
tube, £ cm in diameter and 164 cm in length. The quartz tube was
lowered into a three winding furnace and the charge melted under
proteclive argon atmosphere, flowing into the mould’s recessed groove
of a approximately 1 mm in depth and 0.4-0.5 ¢m wide. The as grown
specimen ‘was then removed from the split graphile mould, polished
and replaced again in place, the mould being polished as well.

The graphite mould was then put again into the quartz tube, sus-
pended by a cord attached to an axle driven by a low speed motor
and lowered into the wvertical furnace. The specimen passed through a
temperature gradient of approximately 40° C with a speed varying to
2-5 cm /h-.

In order to avoid slressing the crystal, the as grown specimen was
cut by an acid saw rather tban hy spark machining it. A very dilute
solution of nitric acid was found to be of adequate cutting speed.

The single crystal specimen of 3x0.45 cm? dimensions was then
etched using 1% NITAL. Any twins observable cn the hright etched
surface of the erystal led to reject the specimen.

After rouline metallographic ltests to secure the single crystallinity
of the specimen, tbe orientation of the crystal was determined by a
standard back reflection Liaue technique. All specimens showing ap-
preciable asterism were rejected.

The technigue and apparatus used for measuring the Hall effect
was a conventional d.c. method schematically depicted in Fig. 3.

The specimen mounted on the sample holder was placed in the
magnetic field and fed with the longiludinal current produced by a
heavy duty lead battery, through a Tinsley current stabiliser, with
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a stabiiity 1 part per million. In order to avoid thermal gradienls in
the sample an upper hmit of 1 Amp. was get, for all measvrements.

The Hall probes were spot welded in place by discharging a bank
of condensers through the contacl. The leads used, were shellaced cop-
per wires, 1.125 mm in diameter. The Hall voltage was measured by a
Tinsley Diesselshorst thermoelectric free potentiometer, with 107 V dis-
crimination ability. The out of balance signal was fed Lo a photocell
amplifier and digplaved on a Kipp chart recorder.

Variation of the magnet’s power supply induced in some cases un-
wanted noise in the Hall leads. This was balanced oul by using a modi-
fied thermal compensator and a search coil, 30.000 cm? in area, plasle-
red on one end of the magnet. This was proved to be quite satisfactory
a method, though selten used, since the quality of the signal was usually
very good. The overall sensitivity of the apparatus was better than
210~ V,

The various thermomagnetic effecls | 10| were eliminaled by ta-
king measurements in the four possible permulations of the directions
of current and magnetic induction. Reversal of the latter was implied
by rotating the magnet by 360° in increments of 300,

The resistivity measurements were performed by a four method
technique, on the sdme specimens. The current used was (0.1 Amp.
The probes were spot welded on the same side of the specimen at an
approximate distance of 1 em, of one another. The measurement at a
certain temperature was repeated for the twe opposite current direc-
tions.

A silicone oll bath was used for the resistivity versus tempera-
ture measurements. The temperature of the bath suitably conlrolled and
stability of temperature proved to be ecritical on the signal’s stability.
All measurements for a temperature variation larger than 0.5° C were
rejected.

EXPERIMENTAL RESULTS AND DISCUSSION

The experimental results for cadmium are shown in TABLE 1
along with the results of previous workers.

The most probable sources of error are those of the definition of
the angles ¢, 8 and { as well as those involved in measuring the thickness
of the specimen.

It is quite evident that a large error might be involved in caleu-
lating the pbase shift ., which in many previous works was rather
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Lol VR e

~a gyt

Cr oW

SR

Orientation
£ 5
65Y 145"
38.5 -30
34 -4
7 20
71 34
42 88&
36 6
61.5 95
43.5 25

TABLE I:

Hall effect and resistivity of cadmium

shifl Ryy R, 2 o1 P1
m? ms
degrees 110-10 d.mv {10—1o o (108 (.m) (10~% Q.m) (10-% &.m)
9.8 1.26 0.39 6.45
-17.0 1.44 0.41 6.93 This
-5.4 1.39 .46 7.25 7.6410.173 6.33-L0.167 investigation
3 1.26 0.44 6.39 {1970 K)
7 1.47 0.47 6.38
35.4 1.49 0.30 6.28
1.7 1.31 0.75 2.19
1.20 0.32 Noskov
1.45 [9]
1.82 0.00
1.34 0.32
1.43 0.29
1.43 0.39 Lane
1.30 0.46 et Al
1.36 0.34 [6]
1.46 0.42
1.43 0.67 STRINGER
1.20 0.34 -HILL

HUGLIN [7]
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visually calculated rather, than fitting by some statistical method
the experimental curve.

In order to more accurately determine the phase shift ¢ we have
tried here here to minimize the error funetion

si=% { Vi— Wsin (6 4 §) —c}®
}

where W: is the experimental determined Hall peak voltage, ¢ is the
Ohmie drop due to the misaligment of the contacts.

The method followed here was the «steepest descent» method | 11 |.

The main idea of the method is that: given a function f(x) where
x 18 the vector ¥ =|X,, X,,...,%a [T we have to provide with an ini-
tial 'guess, x°, to the minimum and let x* he the value of x at {he k-th
step of the process, then setiing x¥+! = xE-axp¥, where ax i a scalar
and p* a vector we try to find values for which

f(xE — agp¥) <f (x¥)

Tf this happens, x%+1 is a better estimate to the minimum. The vector
—p¥ is chosen as the direction of maximal local rate of decrease of

f, L.e pE= "th(xk)

After defining p¥, f(x*-ayp¥) becomes a one dimensional funection
in ax and applying some method, for example df/da=0 we find a
value for ay minimizing f,

Starting with x¥+! we repeat the above process until we reach a
point were the value of x doesn’t change i.e. we have reached the mi-
nimum of the functien. A computer program realising the method was
made, giving directly R;, and Ri and it is attached as Appendix [
of this work.

In Fig. 4-9 the dependence of R;; and Ri versus the angular
errors in g, & for a bandwidth of 10° is plotted. It is evident that for
some of the crystals studied, the determination of R;; and Rl de-
pends critically on the errors of =, 3. This is especialiy true for some
crystals e.g. 6 where one could see that for an angular variation of
3e, the change in the calculated componet might be as much as 509%,.

An additional source of error is the determination of the speci-
men’s thickness. The latter was determined by an anvil micrometer
and the error involved is estimated to be as high as 3%.

The distance of the resistivity contacts was determined by a tra-
velling microscope and the error shouldn’t be larger than 19%.
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In commending the effect of annealing the single crystal specimens
Lane et al | 6| stated that for some crystals the Hall signal increased
with annealing time after 24 hours, in other cases the signal decreased
to a steady value and in others there was no significant change.

In our study we found that an annealing time of 72 hours at 1000 C
was necessary for the signal to reach a steady value, having first de-
creased steadily. Especlally crystal No 7 has shown a peculiar tempera-
ture dependence (Fig. 9a). R,; was increasing while B1 was decrea
ging starting with 1.31 and 0,75 (10— m?*/Cb) respectively to end
with 1.49 and 0.58 (10='* m?/Cb) after 72 hours at 100° C.

This behaviour could well be attributed to grain boundaries mo-
vement during heating and results concerning this crystal should be
treated with extreme sceptisism.

As far as resistivity measurements are concerned they are shown
in Table I.

The two resistivity components p;; and p, were calculated by means
of eq. (5) and consistently came out (o be g,y = 7.61 4 0.173 and g1 =
6.33 & 0.167 (10~* Q-m) against p,,==7.66, p1==6.32 (10~* {-m) quoted
by Hurd | 1].

In trying to fit the empirical formulae proposed by Lane | 6 | and
Meaden | 12| and Volkov et al | 13| concerning Hall effect and resi-
stivity of polycrystalline material, measurement of both quantities we-
re conducted on two different cadmium polycrystals with widely ran-
ging textures, the results are shown in Table II.

TABLE II:
Ezxperimenlal and predicted valnes of Hall effect and resisfivity in polycrystaline
cadminm,
Sample n Ry exper. Pexp. E?ni?%;zl” Ra j—; R‘ff+§_RL p:_;p,ﬁ_ %‘:’1
No. 1 0.28 0.660 6.84 0.665 0.72 6.75
No. 2 0.40 0.730 6.86 0.780 0.72 6.75

The temperature dependence of the resistivity in the three single
crystals studied, is shown in Fig. 10,11,12 in the temperature range
239-420° K.

The temperature dependence of the resistivity proved to be con-
sistently linear in the entire range of temperature studied, within
the experimental error limit, uot exceeding 49 in any case.
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DISCUSSION

According to experimental data so far obtained, one could assume
as a abest valuen for the two Hall tensor components the figures
R,;=1.40 and R1=0.38 (10-*m?®/Cb) against the free electron value
of -0.647.

The piciure for the Fermi surface of cadmium resulting from
Hall effect measurements should be | 1 | considered as consisting of hole
cylinders parallel to the hexad axis, Ry, and Rib eing positive (hole
conduction).

The picture 1s of course a rather oversimplified one, the correspon-
ding electron like surface should result in cylindrical form as well,
giving the right order of magnitude for R;,;, while Ris hould be
zZero.

A rather more elaborate model was tried my Tsuji and Kunimune
14| starting from a rather simplified Fermi surface, in which hole
states are represented by Lhree ellipticall toroids of ellipticall cross se-
ction. The electron like surface is assumed to be an ellipzoid of revo-
lution, The model provides the two bands with different effective masses

and relaxation times, associated with i through E(_f:) only.

The model uging arbitrarily a range of five carrier concentrations
and using experimenaly obtained resistivity dataresulted in much lar-
ger Hall coefficients than the experimentaly obtained ones, but proved
to be efficient in predicting the temperature dependence of the Hall
effect in cadmium.

It 18 also predicted quite accurately the linear relationship of the
registivity and temperature through the changes in carrier concentration.

This linear dependence is also confirmed by the model used by
Case and Guelhs |15} who used a nearly free electron model, with
spherical Fermi surface which extents beyond the boundaries of the
Brillouin zone, with conductivities differing along the directicn of the
crystallographic axes.

Another hint is ecoming through the work of Kuvandikov-Chere-
mushkind and Vasil’eva | 16 |, who studied resistivity of cadmivm as a
function of temperature on polyerystalline specimens of unknown
history and found also this dependence to hold.

If one uses the empirical formula of Lane | 6] for predicting the
Hall coefticient of polyerystalline specimen.

RH =nR,; +(1-n)R:
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where n is the «texture weighting factorn and using # = (.28 and 0.4
uged as a «reasonahle estimate» of the texture weighting faclor, the
agreement proves to be satisfactory while the empirical formula

1

2
RH:—Z_RH' —}-~3—Pll

used by Volkov | 13| gives rather poor results.

One of course wanders what the possible use of those empirical
formnulae should be. The case of predicting the Hall coefficient of po-
lyeristalline material through its «texture weighting factor» seems more
justified.
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EIIT TOY DAINOMENOY HALL KAT THEZ ETAIKHE HAEKTPIKHE
ANTIZTAZEQY MONOKPYETAAAQN KAAMIOT.

‘Tro
TQANNOY A, TEOTYKAAA - 1o TTAITAAHMHTPAKH - XAIXALA
{(* Egyactrowy I "Edga; Duowdic)

Eig v mapoloav dpyectov weherdTar 10 gawvbuevoy Hall xal 7 2l8ued
> A 3 ’ 3 b c A ~ z 7 b
NhexTewd) aviiorasts iml EmTa povexpuotalhxGyv Jewypatay Kedulon el
30 moRUXELETEARLAEY.

Al ovwothon Tob tavuetel Hall R, xal Ri mpoodiopiebnony, ai 8t
Tt Tov eopibncay Ry =1.40 xai R1=0.38 (10-19m®/Cbh) dvrictolyws.

Al ouviatéiaer The eldudis Hhentpunds dvriotdozag ehpibnoay dg gy =
76140173 sal pp = 6.334£0.167 (107¢ Q-m). '

cI{ L ~ 3 ~ > ~ 3 I > o~ N 4

thaptnoic e sl Thextpindic dvtioTdozme dx the Oepuponpoci-

ag ebpely dxoovlolica ypoptxiy oyioiv. :

] 3 ~ ] > o < Je s ~ ) ~

EE fumetpidv vouwy droretplitar 7 wpdBhedic Tol cuvrzieotol Hall
wnol ThHe cibudig NhenTendls EVTLOTRGEMS TEV TOAKEUOTAARKGY SeLypdTmy,
Ex Thv adthy pevzldv mesodogolivrey elg te LovoxpuoTeriind Selyuara.
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