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ON THE HALL EFFECT AND ELECTRICAL RESISTIVITY
OF Zn SINGLE CRYSTALS

by
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(Physics Depw bment, University of Thessaloniki]
( feeeived 22.77.76)

Ahbstract. Hall gffect and resistivity measuwrements were conducled on a number
of single crysials of Zn.

The lemperature dependence of 4 single crystals resistivity wds examined,
and found to obey o lncar relationship in accordance with Case and Gueths pre-
dictions,

It has been shown |1]| that for anisotropic metals one could write
for the galvanomaguetic effectls:

-

Bi = pijx + (A x I); {1)

where L are the componenls of the electric field
pik the resistivity tensor
ji the components of the current’s density

A the Hall vector defined as an odd funclion in Bie.
> » -> -+
AB)=—A(—B)
where all the components refer to a suitable rectangular coordinate sy-
stem.
If the effect of microscopic reversibilily and crystal’s symmetry
are taken into accouut it has been proved |2, 3, 4,| that from the 27
existing components of the Hall tensor only two are independent, de-
signated Ry and R, according to the magnetic’s field direction, the
same applying lo the resistivity tensor components as well,
Hall effect measurements on Zn single crystals have been repor-
ted earlier |5, 6, 7| and are tabulated in Table 1L
Noskov’s |5 | results were met with some caution |8] for several
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TABLE I
Hall and resistivity components of Zn single crystals

Orientation* Phase™ R, <104 Ry%10% ox108 o), w108 5 <108

No = & shifi (m*/A.s) (m*fA.s)  10.m) 1£2.m} {C.m}
1 49 104 47.60 1.58 -0.23 3.981
2 39 44 54.80 1.40 -0.26 5.001
3 74 46 14.50 1.36 -0.31 5.982
4 40 19 -27.00 1.29 -0.14 6.016 6.054-0.12 5.984-0.14
5 G8 43 18.30 1.37 -0.23 5.985
G 52 71 47.53 1.39 -0.33 5.982
7 35 63 64.00 1.46 -0.20 3.390
8 26 -96 -79.00 1.38 -0.18 5.980
9 64 31 16.00 1.60 -0.18 5.990
10 72 105 -22.00 1.41 -0.36 5.980
11 65 108 29.40 1.41 -0.19 5.981

*in degreeg

TABLE IT
Hall effect measuremenis on Zn single crystals
" 10—10 J0F —ppm?

No R, (10 Gb) R,{10 H) Author(s)
1 1.44 -0.04

2 1.41 —

3 1.43 0 Noskov
4 1.43 -0.06 (288% K)
5 1.44 -0.025

) 1.4 —

1 2.5 —

2 1.8 -0.21 Logan

3 0.1 — (77" K)
1 1.4 ~0.14%

2 1.7 -0.32

2 1.& -0.32

3 1.8 -0.38 Lane-Huglin
4 1.6 ~0.30 - Stringer
5 1.4 -0.26 (297° K)
& 2.3 ~0.23

7 1.9 - ~0.14

8 1.4 —-

reasons. First of all it was felt that the number of crystals employed
(6) was unadequate, since Lhe softness of several crystals would make
thern bend under their own weight if held at one end producing slrains
in the erystals. Tt has been proved that delibevately deformed crystals
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would give a 109, difference in the Hall elfect value of Lhe underfor-
med state.

The main point of critism was concerned though, with the way
Noeskov obtained the values of R, and R,.

In cases where Ry was a rapidly varying [unction of the crystal-
lographic orientation, i.e. angles ¢, 8, the angles were adjusted 1o give
agreement for the larger componed R, the value of which was ob-
tained directly from a crystal posessing faronrable orientation, Ry then
being calculated from those adjusted values,

Since Lhe wvalue of Ry could be different for different reasons in
two crystals (i.e. strain, substructure, impurity levels ete.) this melhod
doesn’t seem Lo he justified.

More carefnl determination was conducted by Lane Huglin and
Stringer |7 |. Some sceptisism is involved in their work as well, con-
cerning the rather visual estimation of the phase angle ), though they
quote a delailed examination of the wangular errors» involved. Tt 3s
also worthnoting that crystals possesing Lhe same orientation (i.e. la-
beled 3, 4 in their work) are assigned different R;; and R, values, which
implies that either an error is involved or some other causes such as
those quoted above prevail.

As far as resistivity measurements are concerned there seems to
be nothing new to the data quoted by Meaden | 3| and Hurd |1]. De-
termination of resistivity on polycrystals by Kuvandikov — Cherexnu-
shkina |10 | as a function of temperature does not seem to add any
useful information to the so far existing.

EXPERIMENTAL PROCEDURE AND RESULTS

As starting ioaterial for the preparation of the single crystals, Zn
rods of 5N nominal purity were used, supplied by Koch Light Labo-
ratories.

The method adopted for growing single crystals was a modified
Bridgmann technique described elsewhere |[11]. The as grown speci-
mens, of reclangular shape and dimensions 10x0.45x0.5 cm? were cut
to required dimensions of approximately 3x0.45x0.5 ¢m® by using and
acid saw and etehing them afterwards.

The orientaticn determination was effected by a conventional back
reflection Laue technique.

All specimen showing appreciable asterism were rejected. The Laue
technique was used as an additional check of the homogeneity of the
crystals.
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The Hall effect was measured using the method developed by Strin-
ger and coworkers | 7, 12, 13, 14| in which the Hall signal is determined
as a function of the angle ®, which is the angle between Lhe magnetic
mduction lying in the plane normal to the current direction, and the
normal to the current direction. The sine curve resulting from a plot
of Hall voltage versus @ is effectively displaced by an angle ¢ due to
different contributions to the Hall signal from R, and R, as the hexad
axis 18 rotated relative to the magnetic {ield.

The Ry and R, can be calculated {rom the Hall peak voltage and
the displacement i, using equations |7 |:

T le
Ry—R (=) + R0~
" (2) O s

m:R(E>—mm@m
2 sind
where R(E) = Vat == Bipax cO5Y
2] BI
R(0) = Y R, sing

 BI

The Hall peak voltage Vg.. and the phase angle ¢ are determined
by a computer program developed |11 |. Errors invoived in computing
the Hall components arise mainly {rom errors in determining ¢, 3, ¢
as well as in determining the specimen’s thickness.

The last errors shouldn’t he more than 19, the thickness of the
specimen being determined by a {raveling microscope. Following Lane
{71 the dependence of R, and R, values on «angular» errors ¢, § are
plotted in Fig. |1-101].

Although it is not probable thal an error larger than +1° was in-
volved, we have scanned a bandwidth of 10° both sides of the calcu-
lated wvalue,

It is evidenl that for several crystals posessing particular orien-
tations the Ry and R, critically depend on the angular errors. For
instance in crystal No 3 variation of € by 19 alters the value of R, [rom
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—0.31 to —0.42 (10— m?/Ch) wbicb is over 20%. Tt would be there-
fore suggested that the values of crystals 359,10 are most sensilive
to angular errors.

As far as heat treatment was concerned all specimens examined,
showed the same behaviour i. e. the Hall signal increasing after heat
treatment of 24 hours at 150° C to reach a steady value after 48 hours.
The specimens were therefore annealed for 72 hours at 150° C degrees
hefore taking a Hall measurement.

Resistivity measurements were conducted alongside with Hall el-
fect measurements on the same specimens, A four probe d-c. conven-
tional method was used throughout, using a current of 0.4 Amp. pro-
vided by a Tinsley stabilizer with nominal stability of 1 ppm. As an
additional check the current was monitered through a 0.1 Q standard
resistor by measuring the potential drop using an additional poten-
tiometer. This proved to be quite unnessecary the stability of the cur-
rent being realy as claimed.

The resislivity components gy and g, was eliminated by using the
equation :

p = py;008%220528 4 (1—cos%ecos?d)p, .

Knowing ¢ for a given lemperatlure, for two al least crystals of
different orientations, a set of simultaneous equations results which ena-
bles determination of g and g, . Having measured resislivily on all
of the crystals presented here, a large number of ccmbinations resul-
Led, consisfently giving the values of g,; and ¢, .

Resistivily measurements as a function of temperalure, were con-
ducted by using a temperature controlled silicone bath, conlained iu
a dewar [lask, on four single crystals. Tem perature coulrel proved to
be quite critical on the stability of the signal delectled.

Since the temperature stability was not hetter than 4 0.5° C no
attempt was made to eliminale ¢;; and g, for lemperatures different than
room temperalure, though it would be very helpful since Lhe hehavionr
of the anisotropy ralic a=g;, /p, as a function of temperature could be
deducled.

The measuremenls at each temperature were conducted for both
directions of the primary current.

DISCUSSION

Several moadels have been proposed go far in the etfort to explain
the behaviour of galvanomagnetic phenomena in hep metals. The pro-
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posed models are mainly based on our knowedge ol the Fermi surfa-
ces of the metals involved, as they result from other experimental me-
thods (i. e. de Haas van Alphen effect magnetoresistance measurements
ete.) veing several assumptions or simplilications leading to analytical
computation of the galvanomagnetic tengor components.

Those meoedels vary from oversimplilied ones, to very complex
indeed. For instance the simple picture of the hole states in Cadmium
according te Stringer-Hill and Huglin {13 | are simply cylinders with
the long axis along x, direction giving no Hall effect when the magnetic
field is applied along any direction in X,x, plane.

As a first ellfort to predict the experimenlal data from a more
detailed analysis of the Fermi surface the method followed by Tsuj
and Kunimune should be considered. They used |15/ a simplified Fermi
surface [or Cd along with the basic ideas of the two hand maodel.

In Lheir calculations the hele slates are represented by three el-
liptical toroids ol elliptical cross gection.

The electron surface iz assumed having the shape of an ellipsoid
of revolulion. Proper effective masses are assigned to both states. The
Boltzmann eguation is then solved for both bands and the components
of the galvanomagnetic tensor calculated.

Although the model was effective in predicting the right order
of magnitude for the Hall eflect it couldn’t accounl for the magne-
toresistance and vice versa.

Cowley | 16,17 | commended that the reason might be in their choice
of the Fermi surface which is very far from the real Fermi suriace.

A more detailed and general approach was made by Cowley and
Stringer |16,17}. Using the planar faced energy surface (PFES) method
introduced by Allgaier |18,19| they tried {c explain Hall effect in hep
metals and alloys with moderate success. In their approach the Fermi
surface 18 approximated by simple geometrical shapes (polygons) and
only the second and third zones are taken into account. They were able
to postulate almosl exact values of the Hall effect components in Cd
and Zn, though they couldn’t sufficiently account for Lhe difference
in sign appearing in Zn.

Aceording to our experimental results ithe two Hall coefficients in
Zn have a «best valuen of 1.39 and -—0.28 {10-1* m3/Cb) correspondingly
which 15 in good agreement with the values found by Stringer group,
and are shown in Table 1. Tt is also known that the Fermi surfaces of
both Zn and Cd are quite similar and there shouldn’t be any reason
why the Hall components in these metals should vary that much.
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In trying to account for this occurence the previous workers tried
several methods. They adjusted the shape of lhe monster for Cd as
much as 109, expecting to increase the contribution to R,; which was
not found to be the case. They succeded in doing so only when they
weighted the contributions of the two Fermi sheets differently hy al-
lowing the velocily of the lens to be 20% lower than the veloeity of
the monster.

The major drawback of this model is the large number of assump-
tions used as lar ag the shape of the surface and shape of the monster
used are concerned, as well as the assumed carriers velocities, lens
aspect ratio ete.

Lately another elfort has been made by Shiozaki |20 | to calculale
the Hall ellect tn the low {ield region of both Cd and Zn.

The main aim of this work was to eliminate as many arbitrary
assumptions as possible and to exactly calculate as many contribu-
tiong as possible from various parts of the Fermi surface to Hall
effect components.

She calculated the contributions [rom six different parts of the
Fermi surface separalely i. e. the contributions irom monster, lens, ne-
edles, butterflies and cigars which means from the four zones separately.

The Hall coetlicients are obtained by teans of the formulae esta-
blished in a previous paper for Be | 21].

E]‘xyz + szyz + Eaxyz + 24xyz + Esxyz + Eﬁz

(Glxx + o%x 4+ Pxx + o%x + %2z + Gsxx}z

R=_

Styux 4 By ZPyp - Dlyax + Dlyux + Dlyx
(O’lxX + . “!—‘ Gﬁxx) (Glzz “!—‘ sren + GGXX)

R = —

Where superscripts correspond to various parts of the Fermi surlace
and namely 1 for caps to 6 for cigars in the order referred above. The
model predicts nicely the experimental data for both metals at 770 X
with no allowance though for temperature dependeni contributions.

As far as resistivilty measurements are concerned, our room tem-
perature resistivities compare quite tavourably with values quoted by
Meaden |9 | and Hurd [1]. The temperature depedence of the four single
crystals examined which is linear, is idendical with the temperature
dependence [ound in sereval polycrystals by Cheremushkina and Ku-
vandnikov |10| and is shown in TFig. |11-14]. It is worthnoting that
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this linear dependence is predicted by the model put forward by Case
and Gueths |22| by which they tried to explain Uheir results in 3-Sn.
In their model the Fermi surface of the hexagonal metals are not far
removed from a sphere.

They assuned that in certain directions the sphere is extending
beyond the Brillouin zone. These parts are Laken to be of splierical cur-
vature and to completely dominate the conductivity in the directions
subtended by them.

In the high temperature region they find that if an isotropic re-
laxation time is prevailing the resistivity is linear in lemperature
which is found to be true i our case.
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TEPTAHWIX

IEP] TOY GAINOMENOY HALL KAI THX EIAIKHS
HAEKTPIKHZ ANTIZETAZEQXZ MONORKPYETAAAQN Zn.

Tt

IOANNOT A, TEOTKAAA -E. TTAITAAHMHTPAKH - NATXATA

Eic iy mopodooy épyasiav pehetditor 16 pawvdpevor Hall el 4 elfucd
Hhexntpued) dvtioTacly LovoxpuoTEAhwy (eudasyioou.

Az 16 pawépevey Hall edpélnony suvrereoral Ry =139, R, = -—0.28
(10-1 m?/Cb} &v wodd cupowvie pd tdg wéypt cARspoy YVOATES TLLGS.
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