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Abstract: This paper shows the scattering mechanism at diluted magnetic 

semiconductors. The doped magnetic atom produces a scattering potential due to be 

coupled of itinerant carrier spin of host material with magnetic momentum of the doped 

magnetic atom. Formulas of scattering event were rewritten by the plane wave 

expansion and then the electron mobility of DMS was calculated. Calculations show 

Kondo effect on diluted magnetic semiconductors at nonmagnetic phase. Here has been 

supposed that the doping concentration is low and so the coupling coefficient between 

magnetic atoms is weak enough that DMS does not change its magnetic phase. In other 

words, material is on paramagnetic phase. For proofing our model, we have grown 
Zn0.99Mn0.01O with Sol-Gel route. Pure ZnO has also grown with this method for a 

comparison. Experimental results proved our theoretical model. Therefore as a result, at 

diluted magnetic semiconductors similar to diluted magnetic metals in nonmagnetic 

phase can observe kondod's effect . 
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relation time, electrical resistivity 

 

1. INTRODUCTION 

In physics, the Kondo effect describes the scattering of conduction electrons in a 

material due to magnetic impurities. The electrical resistivity (electron/hole) of 

a material is increased by decreasing temperature. Each physical quantity has a 
macroscopic description and a microscopic description. The macroscopic 

physical quantities are measureable at laboratory but microscopic physical 

quantities are described by mathematical relation. It has been known since 1930 
that the resistivity has a shallow minimum at low temperature but there was not 

a theory for description it [1]. At 1963, the microscopic description of this 
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minimum was shown by Jun Kondo [2,3]. The resistivity has a direct relation 

with scattering. The higher the resistivity is, the more the scattering will be. The 
factors which scatter all carriers (electron/hole) are extrinsic such as ionized 

impurities [4], neutral impurities [5], point defect [6], missing ions [7] or 

intrinsic such as lattice vibrations (acoustic and optical phonon) [8] and 
piezoelectric [9]. Nowadays, scattering mechanisms are quite well understood 

and measured in materials. 

The mobility  *e m  involves two physical parameters, the relaxation time 

and the effective mass which depend on the type of the material. The effective 

mass is essentially a property of the pure material, but the average relaxation 

time is strongly affected by scattering potential [10]. Semiconductors are 

intrinsically nonmagnetic materials but diluted magnetic semiconductors 

(DMSs) may be magnetic materials. DMSs have both magnetic property and 

semiconductor property. When a magnetic force is produced by alloyed 

magnetic atom at semiconductor, it interacts on the conduction carrier and 

changes the distribution function and consequently a scattering event is created. 

This scattering changes the resistance of host material. At this paper, we are 

investigating this effect and the form of these changes [11]. 

 

2. SCATTERING THEORY 

At first, it is considered that a carrier interacts with an atom. The initial (ground) 

state of carrier (atom) is kn  ( KN ). The final (excited) state of carrier (atom) 

is ''kn  ( ''KN ). In this case, the interaction is an inelastic scattering because 

the kinetic energy of the final outgoing carrier is now less than that of the initial 

incoming carrier. The difference is used to excite the target atom. The 

interaction will be the elastic scattering if the target atom is not excited. Here, 

we consider the elastic scattering because the atom is much weightier than 
carrier. In a scattering event a current carrier makes a transition from the Bloch 

state nk  to the other Bloch state n  k  and for intra-band scattering, n n  . If 

we neglect multiple scattering, the Born approximation is used and also the 

scattering rate  ,W k k  is quantum mechanically determined from Fermi’s 

golden rule. 

     kk EEHW  
 2

int

2
, krkkk


                                                     (1) 
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int
H  is scattering potential,  -function expresses that the scattering is elastic. 

The matrix element of 
int

H  with using Bloch’s theorem that state k is as the 

product of a plane wave function and the periodic function  u
k

r  becomes 

         
 rdHuueH kk

3
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                                              (2) 

 r
k

u  and  r
'k

u  are the periodic function then    rr
kk

uu*

'
 has the periodicity of 

the crystal and can be expanded in the Fourier series. Here, G  is a reciprocal 

lattice vector in crystal. For 'kGkq  , rqe can also be written as  
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ˆˆ12
i

ll
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                                                                     (3) 

If scattering potential is a weak interaction potential with varying slowly, we 

may neglect all small argument except 0G . The matrix element of  r
int

H  

simplifies to 

          

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0
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3. EXCHANGE SCATTERING 

At each temperature, carriers in semiconductors are scattered by different 

potentials but at diluted magnetic semiconductors are added a new scattering 

event. one of these is named exchange interaction between the localized 
moments and itinerant carriers both paramagnetic phase and ferromagnetic 

phase. Many features of DMS, such as the special electronic properties, unique 

phase diagrams, and important magnetic and magneto-optical characteristics, 
are induced by the exchange interaction between the localized d shell electrons 

of the magnetic ions and the delocalized band states (of s or p origin). The s-d, 

p-d exchange, and its consequences and origin have been pointed out from the 
very beginning of the history of DMS and the Heisenberg form of the exchange 

interaction Hamiltonian was successfully used for this interaction.  

 
i

i
JH

iint
 )( IsRr                                                                                      (5) 

Where, r and R are the position vectors of the band electron and the ith 

magnetic ion, respectively. J(r-R) is the exchange coupling coefficient of the 
band electron with the 3d electrons in the ith magnetic ion. Ii is the total angular 

momentum of the 3d electrons in the ith magnetic ion. If doping concentration of 
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magnetic atom in DMSs is low that their wave function cannot overlap one 

another, we will neglect the interaction of other magnetic atoms. With 
neglecting the interaction of the far magnetic ions can write: 

IsRr   )(
int

JH                                                                                              (6) 

The stable configuration of the magnetic atom at DMS is considerate to the 

form
J

I L12  . Suppose the state of Mn ions in DMS material is Mn2+. The 

electronic structure of Mn2+ is 1s2 2s2 2p6 3s2 3p6 3d5, in which 3d5 is a half-

filled shell. According to Hund's rule, the spin of these five 3d5 electrons will be 

parallel to each other, so the total spin is I = 5/2. These five electrons are in 
states in which the orbital angular momentum quantum number l = 0;  1;  2. 

Thus the total orbital angular momentum L = 0. The total angular momentum 

for a Mn2+ ion then is J = S = 5/2. The stable configuration is 
2/5

6S . The Lande 

g-factor is 
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IsF   is the total spin. For example, 
2

1
s  and 

2

5
I , the total spin are 3 

(seven degenerated states) and 2 (five degenerated states). For F=3, this is 

2

4

5
 and for F=2, it equals 2

4

7
 . Matrix element for intra band scattering is 
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Is,IsI,s A  based on transition rule  0S  is 2

4

5
  or 2

4

7
 . Consider 

origin on the magnetic atom (R=0) and  
ml

YrfJ )(r : 
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This relation say that the coupled constant of exchange interaction cannot be a 

function of  . This is a physical inherent phenomenon so  
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In the following, matrix element was calculated to the different forms for 

evaluating resistance. 
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The scattering rate between state k an state k' (Fermi’s golden rule) can rewrite 

to form 
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N is the number of magnetic impurities. The inverse relaxation time is 

 

  
 

 states spin
2

cos1,

space phase at the stases allover  sum the
1

3







 




 






krdd
kkW

E

kk

k

                                           (14) 



24 * Journal of Optoelectronical Nanostructures     Spring 2017 / Vol. 2, No. 2 

 

Based on Pauli's exclusion principle, each state k has two degenerate states 

with up and down spin so spin states are 2. It means that the spin of carrier after 

a scattering event can change from up to up or up to down. If there is 
nondegenerate, the spin of carrier doesn't change and the number of states will 

be one. Equation (14) is multiplied with  2or  1z . So: 
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Because of the fact that the relaxation time is positive   0kE  , the angular 

momentum l, in equation (16), can only take the values zero or one. So  kE  

is obtained as  
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Here x is 7/4 ((1+6ln2)/6) for l=0 (1). Average value  E  is: 
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The mobility associated with magnetic potential is obtained by multiplying Eq. 

(17) by e/m*. The resistivity is proportional to /1 . As seen, the temperature 

dependence of the resistivity is contained in the factor   2/5
Tk

B . The increase in 

the resistivity with decreasing temperature is associated with the Konto effect. 
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Being lessened the relation of the mobility with being diminished temperature 

depends on the coupling constant. The more the mobility is, the weaker the 
coupling constant will be. The coupling constant has a complex form and 

changes at different materials (metals or semiconductors). Therefore we cannot 

write temperature dependence for mobility due to magnetic scattering similar to 

phonon  23T  or impurity  23T  scattering. In table 1, we have summarized a 

physically selected form of the scattering potentials and calculated their electron 

mobility. 

 

TABLE 1 

the exchange coupling coefficient, matrix element and electron mobility for various scattering 

 , ,J r    Matrix element Electron mobility 

2

1

r
 

q

A



22  

 
  21

2327

2

23

8
Tk

Anm

e
B

I

  

re   
 222

8

q

A

 

  

 

 
B

B

o

oI mK
K

TT

TTAn

am

24
T ,  

1

31
1

1122 22

o

23
2

2

1































 

 ' 'l l m
j kr Y   

 
2

124
2

 

q

kq
li

V

A l 







 
 

 2
22 12

140
Tk

lnA

e
B

I 
 

 

3. EXPERIMENTAL REPRESENTATION 

For experimental representation of our model, we have grown Zn0.99Mn0.01O 

with the Sol-Gel Technique. Pure ZnO was also been grown for comparison by 
this method. Growth conditions and primary materials are the same with paper 

of reference [11]. Hysteresis loops and magnetic properties of samples were 

recorded by using superconducting quantum interference device (SQUID). 
Carrier concentration and mobility were measured by standard resistivity and 

Hall effect set-ups in the Van der Pauw configuration. Fig. 1 illustrates 

magnetic properties of samples at temperature 100 K. As seen, ZnO and 
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Zn0.99Mn0.01O have paramagnetic property. Electronic stability configuration of 

isolated atom Mn in orbital shell d10 is 






2
5

6 S  but for Zn (d10) is  
0

1 S . Ion 

Mn2+ has magnetic property. The half-filled 3d-shell of Mn2+ ions, which have 

the largest ionic moment (5μB), plays a particular role in both theoretical and 

experimental studies. As seen, susceptibility of ZnO is smaller than that of 
Zn0.99Mn0.01O 

 

Fig. 1. Magnetization loops of ZnO and Zn0.99Mn0.01O at temperature 100 K 

To illustrating effect of magnetic scattering potential on carriers ZnO, mobility 
of two samples is drawn at fig.2 has been drawn. This figure shows that firstly, 

mobility of pure ZnO is more than that of Zn0.99Mn0.01O because the isolated 

atom Mn is a magnetic atom and consequently scattering potential due to 

electron coupling of orbital s and p of host material ZnO by orbital d of alloyed 
impurity Mn will be stronger. Secondly, mobility is decreased by decreasing 

temperature because at low temperature, magnetic coupling potential is stronger 

than other factors such as phonon and ionized impurity. Then, each atom Mn or 
Zn produced two scattering potentials; one is ionized impurity potential Mn2+ or 

Zn2+ and another is sp–d exchange interaction potential between the band 

electrons of host material and the localized d electrons of the ion Mn2+ or Zn2+. 
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Fig.2. electron mobility for pure ZnO and Zn0.99Mn0.01O 

The mobility of samples can divide to high temperature and low temperature. 

Phonon is main factor for decreasing the mobility at high temperature. There are 
two factors at low temperature that decrease the mobility. One is ionized 

impurity scattering and the other is exchange scattering. At ionized impurity 

scattering of atoms Mn2+ and Zn2+ that are isovalent, the low concentration of 
atom Mn must not change not only path of decreasing or maximum point but 

also amount of mobility very much. As a result, we can say that there is the 

other scattering factor at ZnO and Zn0.99Mn0.01O in the name of exchange 

scattering. This test proved our theoretical model. Here, this is noticeable that 
samples have not magnetic property at temperature above 100 K. If samples 

have magnetic property, spin relaxation happens [12,13, 14,15]. 

4. CONCLUSION 
Pressure, volume and temperature are thermodynamic parameters that change 

the stability of materials. It is expectable that with being decreased temperature, 

electrical resistance is decreased. Electrical resistance is the same the scattering 

of carriers. Parameters which decrease the scattering events decrease electrical 
resistance. Main factor at DMS's for low temperature is interaction between the 

spin of carrier with the spin of the doped magnetic atom. The more the 

exchange coupling coefficient is, the stronger the scattering will be. The 
exchange interaction happens between localized moments of the magnetic atom 

and itinerant carriers that can also cause to spin flip. Here, Kondo effect on 

diluted magnetic semiconductors has been investigated. It is seen that if the 
doping concentration of the magnetic is low so that the exchange coupling 

coefficient will not overlap and DMS is nonmagnetic phase. At this case, 

carriers were scatter and the electrical resistivity of material goes up the same as 
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what happens at metals. For proving our model, we have grown ZnO and 

Zn0.99Mn0.01O by sol-gel method. At temperature above 100 K, there is not 
hysteresis loop and materials have nonmagnetic property. The mobility of 

samples shows that there is another scattering potential in the name of the 

magnetic potential due to itinerant carrier spin with the doped magnetic atom. 
Therefore, as a result, at diluted magnetic semiconductors similar to diluted 

magnetic metals in nonmagnetic phase can observe kondod's effect. 

 

REFERENCES 
                                                        

 [1] W. Meissner and B. Voigt, Widerstand der reinen metalle bei tiefen temperaturen. 

Ann. Phys. 7, 761(1930) 892. 

[2] J. Kondo, Resistance minimum in dilute magnetic alloys. Prog. Theoret. Phys. 

32(1964)37  

[3] Philip W. Anderson, The Kondo effect. Theoretical Physics: 2nd (2005) pp. 297-324. 

[4] H. Brooks, Theory of the electrical properties of germanium and silicon. Adv.Electron. 

Electron phys. 7(1955) 158. 

[5] C. Erginsoy, Neutral impurity scattering. Phys. Rev. 79(1950)1013. 
[6] F. M. S Lima, A. B. Veloso, A. L. Fonseca, O. A. C. Nunes, Limitation of electron 

mobility in modulation-doped In0.53Ga0.47As/InP quantum wells at low temperatures. 

Brazilian Journal of Physics, 36(2006).365 

[7] J. Bardeen, W. Shockley, Deformation potentials and mobilities in non-polar crystals. 

Phys. Rev. 80(1950)72  

[8] W. A. Harrison, Scattering of Electrons by lattice vibrations in nonpolar crystals. 

Phys. Rev. 104(1956)1281 

[9] H. J. G. Meijer, D. polder, Note on polar scattering of conduction electrons in regular 

crystalsphysica 19(1953)255. 

[10] F. Strigari, M. Sundermann, Y. Muro, K. Yutani, T. Takabatake, K. D. Tsuei, Y.F. 

Liao, A. Tanaka, P. Thalmeier, M.W. Haverkort, L.H. Tjeng, A. Severing, Quantitative 

study of valence and configuration interaction parameters of the Kondo 
semiconductors CeM2Al10 (M = Ru, Os and Fe) by means of bulk-sensitive hard X-ray 

photoelectron spectroscopy Journal of Electron Spectroscopy and Related Phenomena, 

199(2015) 56-63. 

[11] H. R. Alaei, M. Yuonesi, pH effect on physical properties of zinc oxide nano 

structures grown by sol- gel. JOAM , Vol. 17, No. 5-6, May – June 2015, p. 691 - 698 

[12] R. J. Elliot, Theory of the effect of spin-orbit coupling on magnetic resonance in some 

semiconductors. Phys. Rev., 96 (1954) 266,  

[13] M. I. D'yakonov, V. A. Marushchak, V. I. Perel', and A. N. Titkov, The effect of strain 

on the spin relaxation of conduction electrons in Ill-Vsemiconductors. Zh. Eksp. Teor. 

Fiz., 60(1954) 1971. 

[14] G. L. Sir, A. G. Aronov, and G. E. Pikus. Zh. Spin relaxation of electrons due to 
scattering by holes.Eksp. Teor. Fiz., 69(1975)1382,  

[15] Y. Yafet, in Solid State Physics, edited by F. Seitz and D. Turnbull, g Factors and 

Spin-Lattice Relaxation of Conduction Electrons. Academic, New York, 14 (1963) 1. 

http://www.sciencedirect.com/science/article/pii/S0065253908609579
https://journals.aps.org/pr/abstract/10.1103/PhysRev.104.1281
http://www.sciencedirect.com/science/article/pii/S0031891453800273
http://www.sciencedirect.com/science/article/pii/S0031891453800273

