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Original scientific paper 

The longitudinal magnetoresistance (MR) of n-type lead sulphide PbS with carrier concentration of 10 1 5 cm- 3 was measured at 300 K. These measurements weredone under a weak electric and magnetic fields. The anomalous linear terms Ae/eo (B) and the positive normal components Ae/eo (B2) of MR were calculated .from
B-MR dependence at different rotational angles 8 between the magnetic field B and current direction I. This shows that the MR is not only even power ofB de­pendent, but also an odd power of B dependent phenomenon. The anomalous b� haviour of longitudinal MR was observed at the two reversal directions of B. These results may be attributed to the irregular change in the direction of induced Hall field at different 8 as a result of deviation of the current flow direction from the axis of symmetry. 

1. Introduction 

It is well known that lead salts, PbS, PbSe and Pb Te are partially polar semi­conductors with an average valence of five and crystallize in the rock salt strUcture. The early measurements of Hall coefficient, conductivity and thermoelectric power, .showed that these compounds could exist either as n-type or p-type and having fair-: ly small energy gaps, low resistivities, large carrier mobilities and unusally high die-, lectric constants which do not usually appear in polar crystals. Their characteristics have made the various electrical, optical and galvanomagnetic measurements. pos­sible 1- 5> .  
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From the solution of Boltzmann's transport equation for arbitrary band shape at low magnetic field strength, it was observed that the magnetoresistance MR should depend only on even powers of applied magnetic field6> which was called normalpositive effect. In the metallic conduction range of n-Ge at low temperature (T = 
= 4.2 K), it was found that the MR was separated into two components'>. One being positive and proportional with B2, and the other being negative which was called anomalous effect. The negative MR of n-type PbS (nature galena) was observed under a weak B and at very low temperatures8 - 10>. This behaviour is explained on the basis ofToyozawa's theory1 1 >.The aim of this work is to calculate the linear terms of longitudinal MR for n-PbS crystal at T = 300 K by measuring the B-�eleo relation at different rotationalangles @, when the current passing through the sample does not flow along any ofthe symmetry axes related to the set of ellipsoides.

2. Experimental, procedure
Measurements have been performed at T = 300 K on n-type lead sulphidewith charge carriers of 10 1 5 cm - 3 and n is determined from the Hall effect mea­surement at the investigated temperature. The PbS sample was cut out from mono­crystalline material in a direction at which the current flow direction was deviated from the axis of symmetry. Typical sample geometries were 10 x 1 .5 x 0.6 mm 3. Electrical ohmic contacts of the sample which has a bridge shape were carefully realized. Their ohmic nature was verified by measuring the resistivity of the sample as a function of current when B = 0, because the contact resistance must be small compared with the bulk resistance of the sample, especially for PbS. The sample could be rotated with respect to the magnetic field direction by using a cryostat. The strength of D. C. electro-magnet was measured by a calibra­ted gaussmeter. The measurements were made in a weak electric field (the measu­rable voltage drop was of the order of 10 m V beacuse of the high conductivity of n-PbS) and under a low magnetic field up to 0.3 T.

3. Results and discussion 

In Fig. 1 the longitudinal MR is plotted against B at different rotational angles @ between the directions of both B and /. These measurements were performed at T = 300 K. The parabolic curves of MR are positive at some angles like e = 100°,e = 220° and @ = 310°, but at the other angles the MR curves are partially ne­gative at low fields and become positive for relatively high B. The negative satura­tion case of some MR curves were showed at e = 40° and e = 210° i. e. the ne­gative MR area is well visible. The anomalous behaviour of MR at the two oppositedirections of B is to be ncticed, i. e. the MR curves at e =  (40°, 220°), e = (90°,270°) and e = ( 130°, 310°) are not symmetric. Also the magnitude of this effectdepends on the negative depth of each MR curve. Fig. I shows that the MR is not only magnetic field and temperature8 • 10 • 1 2 • 1 3> dependent, but also angle dependent
52 FIZIKA 19 (1987) 1, 51-60 



ZA GHL OUL :  THE L INEAR TE RMS O F  MA GNETO RE SISTANCE .. . 

phenomenon . The different di stri buti ons of the longi tudi nal MR measurements 
at different e, s how that at least nei ther the c onducti on b and n or d onor lev el ofn-PbS can b e  regarded � s  spherical. 
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Fig. 1. The field dependence of magnetoresistivity L.1e/eo at temperature 300 K for different ro­
tational angles e. 

For c alcu lati ng the tw o c ontri buti ons of the longi tudi nal MR at different e, 
t he measured magn etoresi stivi ty c ould be w rit ten i n  the pow er seri es of B as giv en 
from the fo llowi ng empi ric al expre ssi on 

where the fi rst ord er term represents the li near anomalous d epende nc e  A(!/(!o B 
( odd pow er of B) and the sec ond ord er c ompon ent d escri bes the normal positiv e
depend enc e Ae/ eo B 2 ( even power of B). T he constan ts a0, a 1 and a2 d epend on
the temperature and the geometry of the sample ( ori entati on). Thi s fo rmula was 
fi tted to the experi mental d ata at ev ery rotati onal angle i n  ord er t o  c alc ulate the 
tw o c ontri buti ons of MR at T = 300 K as show n  i n  Fig s. 2 and 4 .  

From the fund amental basi s  of theor etic al c alc ulati ons14 - 1 6> fo r  the r elati on 
between the MR and the pow er seri es of B ,  i t  w as fo und that MR d epend s only on 
th e  ev en power of B. Thi s mean s that the O nsager s ymmetry 1 7> is automatic ally
contained i n  soluti ons of B oltz mann equati on. I n  addi ti on, i t  has been shown that 
B,1k = -B11k and f!iJk = -euk so the B oltz ma nn eq uati on does n ot explai n the
anomalous li near term Fefr!o (B) of MR . M oreov er, Toy oz aw a  1 1  > gav e a theoretica l 
i nterpretati on of the negative MR occ uri ng i n  some semic ond uc tor s on the basi s 
of · sec ond order ari si ng from perturb ati on analysi s. 
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Fig. 2. The calculated linear terms LJe/eo (B) of MR versus B at several rotational angles e at
7, = 300 K. 

In Fig. 2 it was observed that the calculated anomalous linear terms of MR ha­ve positive and negative values over a wide range of different e, but at certain an­gles like e = 100° and e = 310°, the non-parabolic components are not detec­table. However, the anomalous behfviour of linear components at the two opposite directions of B has an irregular distribution, i. e. the anomalous linl!ar term at e = 
= 220° is positive and the other is negative at e = 40°, but there is no considerablechange between the two anomalous terms of MR e = 90° and e = 210°. Thisshows that the linear terms of MR are highly dependent on the variation of rotating angle e. In this arrangement, it could be seen that under a low magnetic field up to 0.3 T, the calculations shows a good agreement for the dependence of magneto­resistivity on the odd power of B. If the current flows along the axis of symmetry, the anomalous effect, vanishes, because in this case the general behaviour of MR is obeying Onsager relation's 1 5> as shown in Fig. 3. The relative change in the mag­netoresistivity at T = 300 K has a quadratic dependence on the magnetic field strength. The appearance of this normal behaviour of MR is due to the current along the axis of symmetry. In Fig. 4 it is shown that there is no consideiable change betwren the two cal­culated normal positive terms at the two opposite directions of B for e = 130° and e = 3 10", in contrast to the linear components (Fig. 2) at the same angles. This 
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4 

Fig. 3. Dependence of LJe/eo on B, in the case of current flowing along the axis of symmetry at
T =  300 K. 

means that the MR is not only dependent on the even power of B, but is also an odd power of B dependent phenomenon. On the other hand the values of non-parabolic terms (Fig. 2) are several times greater than the parabolic terms of MR (Fig. 4). In general the values ru:,d anomalous effect of the two contributions of longirudinal MR are not symmetric at the same angles, so the following relationship may be va­lid : Ae/l'o [B (8)] ¥= �e/eo [B2 (8)].
From the above mentioned, it was noticed that the distribution of measured MR curves at relatively high temperarure are negative at certain angles (Fig. 1). Moreovei the linear components of .MR at definite angles are equal zero (Fig. 2). Also the anomalous effect of normal positive terms of MR (Fig. 4) is very small at some opposite angles (8 = 130°, e = 310°) and becomes very large when thedirection of B was reversed at e = 40° and e = 220°. These results may be readilyunderstood if the angle effect is taken into account. From the evaluation of experimental data for longirudinal MR, it was found that the measured curve of MR represents the sum of two contributions, one of them being a anomalous linear term, and the other the positive normal one. This assumption was examined as shown in Figs. 5 and 6. In Fig. 5 at 8 = 90° the ano-
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Fig. 4. The calculated normal terms LJ(!/(!o (B2) versus B2 at several rotational angles E> at 
T = 300 K. 

malous linear term is positive, but in Fig. 6 at €J = 220° the anomalous non-para­bolic component is negative and the reason of changing the linear term position may be due to the variation of rotational angle. The angular dependence of transverse MR at B = 0.2 T and T = 300 K is shown in Fig. 7. The transverse MR exhibits a strong type of anomalous effect where the MR is negative at €J = 0° and becomes positive at €J = 180°. This meansthat the anomalous behaviour of transverse MR is very sensitive for any small variation in angle e, i. e. the general shape of the transverse MR curve is cos 2e independent. 
4. C<mclusions

The calculation of linear- terms of longitudinal MR and the appearance of ne­gative MR in n-PbS (n = 10 1 5 cm - 3) under a low electric and magnetic fields atrelatively high temperature (T = 300 K) may be attributed to the irregular change in the direction of induced Hall field at different rotational angles €J between the directions of both current and magnetic field. The deviation of current vector I B(e) from the axis of symmetry by angle <p, gives asymmetry relation between the I uce) 
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Fig., 5. Dependence of the measured Llq/(!o (- • -) on the field B at e = 90° and T = 200 K. Thecalculated anomalous Lle/q0 (B) and the normal components Aalf!o (B2) of MR are represented by symbols (A) and <•), respectively. 
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Fig. 6. Dependence of the measured Lle/eo (-•-) on the field B at e = 220° and T = 300 K. Thecalculated anomalous Lleft!o (B) and normal components LJe/e o (B2) of MR are represented bysymbols (&) and (11), respectively. 
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Fig. 7. Dependence of the transverse MR on the magnetic field direction e<a,,> for B = 0.2 T
at T =  300 K. 
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Fig. 8. Directions of the current vectors at the two opposite directions of B. 
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Fig. 9. The effect of the drifting field for the charge carriers with reversing the magnetic field. 
- - _,... applied electric field, - - - · � Hall field and --.... direction of carrier motion along the

ellipsoids. 
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and lsce+180°) as shown in Fig. 8. This means that the magnetic field modifies the direction motion of the charge carriers ink-space by an angle e, this in tum couldcontribute to 1 he variation of both mobility and effective mass m* of charge carriers during applied electric and magnetic fields 1 2 • 1 3• 18>. The relation among these pa­rameters are seen from the following definitions : 
�

(!/
(!o 

= (!(B) - {! (O )  = µ(O) - µ(B) 
; 

{!(O) µ (B) 

For the magnetic field vector B pointing in a direction which is not a symmetry direction with the axis of PbS crystal, one may expect a deviation of the induced Hall field from the direction perpendicular to B. This indicates that at the two reversaldirections of induced Hall field, the motion of charge carriers along a set of ellip­soids have anomalous direction as given in Fig. 9. From the above mentioned it can be seen that the relative change in the resis­tivity depends mainly on the two opposite directions of B ( + B, -B). This in turnexplains the responsibility of induced Hall field for the appearance of anomalous effect. 
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Originalni znanstveni rad

Izlozeni su rezultati mjerenja longitudinalnog magnetootpora uzoraka n-tipa PbS (koncentracije primjesa 10 1 5 cm- 3) na 300 K u  slabim magnetskim poljima. Izeksperimentalne ovisnosti (] (B) - (] (B = 0) o kutu €J izmedu struje i polja odre­deni su anomalni linearni i normalni pozitivni doprinosi magnetootporu. Nesime­tricno ponasanje longitudinalnog magnetootpora javlja se za neke vrijednosti kuta 
e. Rezultati se mogu objasniti nepravilnom ovisnoscu smjera induciranog Hallo­vog polja o kutu €J zbog cinjenice da se smjer struje ne poklapa s osima simetrijekristala.
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