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Original scientific paper Electrical resistivity and Hall effect measurements have been performed on the Hg1 -xMnxSe mixed crystals with manganese ·concentration x = 0.09, 0.1 1,0. 15  and 0. 18 in the temperature range 77-300 K. It was established that the electrical resistivity is an increasing function of tempe1 ature and the free carrier concentration, of the order 10 1 7 cm - 3, is almost temperature independent in all the crystals investigated. The two scattering mechanisms, the spin scattering and phonon scattering, dominate the transport properties of the system and both are dependent on manganese �oncentration and temperature. 
1. Introduction

In recently published literature there has been· much interest for ternary compounds of AP-xMnxBVI type. They represent a new · class of semiconducting materials which fills the gap between the ordinary non-magnetic and magnetic semiconductors, and are thus called »semimagnetic semiconductors<<. 
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The Hg 1 -xMnxSe compound, solid solution of HgSe and MnSe, exists upto the concentration x = 0.385 1>. Mercury selenide has tetrahedral coordination with zincblende structure and shows semimetallic character with a negative value of the energy gap (- 0. 10 eV). Manganese selenide, with octahedral coordination and rock-salt structure, is an insulator with the energy gap 2.5 eV, and shows antiferromagnetic ordering below 247 K2>. The HgSe-MnSe solid solution retains zincblende structure, the lattice constant being a decreasing function of manganese concentration 1 >. Magnetic properties of this semimagnetic semiconductor are of particular interest. It was established 3> that the temperature dependence of the inverse mag­netic susceptibility is linear for x < 0. 1 and a line with two slopes for x > 0. 1 ,which suggests two mechanisms of magnetic behaviour. The critical tempe­rature was found to be concentration dependent, varying from 30 to 50 K. Theauthors suggest an interpretation of these results on the basis of spin-glass and micromagnet model. The values of these critical temperatures are comparable with those found from EPR -measurements4>. For m�ganese concentration excee­ding ,._, 20% no EPR signal . was . d�tected below corresponding temperatures, varying from 60 to 80 K, a fact which was ascribed to a paramagnetic-antiferro­magneti<.: phas� transition. Some authors however suggest5> that the disappearance of the resonance can be explained as a transition to the spin-glass phase. Up to now only a few papers concerning the determination of band parameters, including exchange parameters,. on the basis ofmagnetoabsorption measurements6> and measurements of the anonµtlo:us temperature dependence of the Shubnikov-de Haas effect in weak 1> and strorig magnetic fi.elds8> have been published. It was found that the energy gap for ·· x '<'· 0.2 depends linearly on manganese concen­tration 7> : E0 :-:-- (- 0.27 + 4.4x) eV. The band structure was also confirmed to· be strongly dependent on the exchange interaction between Mn 2 + ions -� mobile charge carriers. For interpretation of experimental data all of these papers use the modified Pidgeon-Brown model9>. In this· work the electrical resistivity, and Hall effect measurements were per­formed .-on .. · several Hg1 _xMn.tSe··crystals, with x = 0.09, 0. 1 1, 0. 1 5  and 0. 18, inorder to obtain . some information: ·about the electronic transport properties of these materials -and particularly hQw .tlie , magnetic interactions influence the transport phenomena. · · 
.r: Exper(tJJental 

Monocrystalline samples, prepared at the Institute of Physics of the Polish Academy of Sciences, were cut in a rectangular form (typically 0.5 x 3 x 6 mm3>) perpendicularly to the ingot axis; Electrical contacts, made of silver paste, were shown to l?e non-rectifying and mechanically stable. Electrical resistivity and Hall voltage were ·measured in helium atmosphere by· a.; standard de potentiometric method,=: in -the temperature· tange· 77-300 K. The temperature of the samples wasmeasured. by a chromel�alu:mel · thermocouple. · Measurements were erformed in: magnetic fields ·up to 0.7 T. · ::: .: ·  ·  
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3. Results and discussion

The results of electrical resistivity measurements on the Hg1 -xMnxSe crystalswith x = 0.09, 0.11, 0.15 and 0.18 manganese concentration are presented in Fig. 1. The curves e ( T) show that the electrical resistivity of these samples is an incre­asing function of temperature in the temperature range measured, 77-300 K. 
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Fig. 1. Temperature dependence of the . .electrical resistivity of Hg1 -x Mnx Se: curves 1, 2, 3, 
and 4 correspond to x = 0.09, 0. 15, 0. 1 1  and 0.1 8, respectively. 

The Hall resistivity of Hg 1 _xMn�Se crystals was also measured as a function of temperature and manganese concentration. In the paramagnetic phase of magnetic materials the Hall resistivity, defined as-the Hall electric field per unit longitudinal current density, is given by the f��ow;ing empirical expres�ion 1 �> : 
(!H/H = Ro + 4nx* [Rs + Ro ( I  - N)] (I) where H is the · applied magn�tic field, ·N is the demagnetisation factor, R0 is the ordinary and Rs �the anomalous Hall I coefficient, and x* = x/(1 + 4nNx) i� theeffective magnetic susceptibility� 
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In accordance with expression (I ) the measured Hall resistivity as a function of applied magnetic field exhibitf a linear dependence 1 1> for all the samples studied in the whole observed temperature range. By a special numerical procedure it was shown 1 u that the anomalous Hall effect is much smaller than the normal Hall effect, (Q8/H - R0)/R0 < 0.02, and thus can be neglected. The concentration of the free charge carriers and the Hall mobility were then evaluated according to the relations : 
n = 1/R0 e and (3) 

(3) where e is the electron charge and <1 is the electrical conductivity. The temperature dependence of these transport parameters for one of the samples, with x = 0.11, is shown in Fig. 2. As can be seen the concentration of the free charge carriers is 
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Fig. 2. Temperature dependence of the Hall mobility (curve 1), electrical conductivity(curve 2) and free carrier concentration (curve 3) for the sample with x = 0. 1 1. practically temperature independent, while the Hall mobility decreases with incre­asing temperature. The variation of the parameters a and µ8 with manganese concentration at T = 300 K is presented in Table I .  The free carrier concentra­tion is of the order of I O 1 7 cm - 3 and shows a tendency to decrease with increasing 
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TABLE 1. 

x a/(O crn)- 1 n/(10 1 7 cm- 3) µ11/(103 cm2/Vs) 

0.09 
0. 1 1  
0.1 5  
0.1 8  

217.0 
9.4 

20.0 
6.4 

.J.3 
0.5 
1.3 
1.0 

4. 1 
1.2 
0.9 
0.4 

manganese concentration except for the x = 0.11 sample indicating that this quantity strongly depends on the conditions in which the crystal was grown. In fact, the small value of the parameter n in this sample explains the reversed order of curves (! (T) in Fig. I , the electrical resistivity of the sample x = 0.11 being higher than that for x = 0. 15. The temperature dependence of the Hall mobility for all the Hg1 -xMnxSesamples is presented in Fig. 3. It is seen that the mobility monotonically dec­reases with increasing temperature in the whole range measured. 
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Fig. 3. Temperature dependence of the Hall mobility : the sample with x = 0.09 (curve 1) ­
right hand scale; the samples with x = 0. 1 1., 0.15 and 0.18 (curves 2, 3 and 4, respectively) -

left hand scale. 
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In Fig. 4 the Hall mobility is plotted as a function of manganese concentra­tion for three different temperatures. These data show a 'drastic decrease of the Hall mobility with increasing x up to x � 0. 1 and gradual decrease for x > 0.1. 
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Fig. 4. Hall mobility as a function of manganese concentration for three different temperatures � 
90 K (curve 1), 200 K (curve 2) and 300 K (curve 3). The observed Hall mobility was fitted to the form 

(4) The best-fit results are given in Table 2. It is known that different scattering mechanisms lead to a different tempera­ture dependence of the free carrier mobility. In the regular, nondegenerated se­miconductors for example the free carrier mobility is described by the above expres­sion with the value of the parameter a = 1 .5 if the carriers are scattered on theacoustic and nonpolar optical phonons, and a = - 1.5 in the case of ionized impurity scattering. 
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TABLE 2. 

X a A 

0.09 2.90 3.2 x· JOI O 
0.1 1  0.95 3.6 X 1 05 

0.15 0.55 3.0 X 1 04 

0.1 8  1 .10  2.3 X 105 

Although the Hg i -xMnxSe is a complicated alloy system, the following analysis of the experimental data, presented 'in · tliis work, has been done. In the temperature range 77-300 K, where the Hg1 -xMnxSe system hasparamagnetic properties, the two scattering mechanisms of the free charge carriers can be expected to be dominant, the spin scattering and phonon scattering. The spin scattering, i. e. the scattering of the free charge carriers on localised spins of Mn 2 + ions, becomes stronger with increasing manganese concentration because the density of localised spins as effective scattering ��ters is incre.ase<;l. This fact could explain the observed t�dency of . the, p��et�i': '!- .:� decrease wi�· fu.creasingx (Table 2) and also the rapid decrease .o� ,the .H;�l' mobility as a f�ctton tlf man­ganese concentration (Fig. 4). The strong '�ep�dence of the Hall ·mob�ty· on the manganese concentration seems to arise from. the · existe#ce of the clu�ters of Mn 2 +ions which are formed in real magneti�. �rystals of this type1 2> • . Moreover, · theobserved variation of the parameter a ·indicates' that the spµi scattering c�inponent might be also temperature dependent. Such behaviour is possible if the spin fluctu­ations become larger with increasing temperature. The phonon scattering is dependent on temperature and manganese concen­tration. It has been established that the substitution of Hg ions by Mn ions in the Hg1 -xMnxSe system manifests itself by a lattice parameter contraction 1 > shifting the low-lying vibrational modes to much higher frequencies 1 2>. If these vibrational modes are excited at higher temperatures, such perturbations of phonon spectrum, caused by the presence of manganese ions in the mercury sublattice., should result in more effective phonon scattering. So, at higher temperatures one may expect the significant influence of the phonon spectrum perturbations on the total free carrier mobility. 
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1 ': . : . Originalan naucni rad
: : • : • J ! . . � . : . . . . . 

Izvrs� SU merenja . �e�6ie. . otpo�osti I .i Hall-ovog efekta na. kristalima Hg1 _xMn,lSe sa kon.ce��aclj�in . mangana . x . . 0�09, O,i l, 0, 1 5  i 0, 18 u tempe­raturskoin intervalu 77.�3p0 1�1 . µstanoylj�!1o je da �ektri�a otpomost raste saporastom :temperatur�/· �· :µa J� 1<oncentrac1Ja slobodnih nosdaca reda 1017 cm- 3 i gotovo ne zavisi od- .t�per:ature u sviln jspitivanim kristalima. Dva mehanizmarasejanja, �pinsko .r�eja'nje , · i  fononsko r�ejari.je imaju dominantan uticaj �atransportn.e osobine si$t��· ,i opa zavise kako od koncentracije mangana, tako i odtempera�e� · · 
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