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HAMATHNUYEHHOCTD ITOAYMATI'HUTHBIX ITOAYIIPOBOAHMKOBBIX CBEPXPEIIETOK
II TUIIA C IIPUMECSIMM MOHOB Mn (mapranmia)

AHHOTALI VST

B aammnoit paboTe mccaesyercss HaMarHIMIEHHOCTh ITOAYMarHUTHBIX ITOAYIPOBOAHMKOBBIX CBEPXPEIEeTOK C
MarHMTHONM IHpuMechl0 MapraHna. HaiigeHo, YTO HaMarHMJeHHOCTh KBa3UABYMEPHOIO DAEKTPOHHOIO rasa B
3aBMCHMOCTH OT CTeIleHM 3arlOAHEHIsI MUHI30HBI CBEPXPEIIeTOK, MOASPHO KOHLIEHTpaLyy IPYMEeCH, TIOCTOSHHONM
OOMEHHOTO B3aMMOAECTBMA M (PaKTOpa CIIMHOBOTO pacIllellAeHMs MeHseT 3HaK M B CTPOrO ABYMEpPHOM CAydae
CTaHOBUTCs TIOAOKMUTEABHON. B MarHMTHOM I104€ HaMarHM4eHHOCTh OCLIMAAMPYET, IpudeM B CUMABHBIX MarHUTHBIX
MOASIX OCHMAAALIMM OCAaDeBaloT, M UX aMILAUTyJa M 4YacTOTa YMEHBIIAIOTCsA. Beramcasercs BKAaa IIpUMecH B
HaMarHM4YeHHOCTh. B OTHOCUTeABHO c1ab0M MarHMTHOM I10/€ HaMarHi4eHHOCTD, CBsI3aHHasl C IPVMeChIO, Bo3pacTaeT
AVIHEJHO M IpU OIpeAeAeHHOM YCAOBMM B 3aBMCUMOCTM OT BeAMYMHBI OOMEHHON KOHCTaHTBI M KOHIIeHTpaluu
IPUMECH MEHsIET 3HaK.

Karouesble ca0Ba: II0AyMarHUTHEIN IIOAYIIPOBOAHUK, cBepxpemtetku Il poja, KBa3anuaByMepHBIT 9AeKTPOHHbIN
ras, MarHMTHas IpUMech, HAMarHMYeHHOCTh, OOMEeHHOe B3alMOJeNICTBIe.

MANQAN iONLARI iLO ASQARANMIS II NOV YARIMMAQNIT YARIMKECIRICi IFRATQOFOSLORIN
MAQNITLONMO OMSALI

XULASO

fsde mangan ionlar ilo agqaranmis yarrmmaqnit yarimkegirici ifratqofoslorin maqnit xasseleri todqiq edilir.
Tapilmigdir ki, minizonanin dolma daracesinden, asqarm molyar konsentrasiyasindan, miibadile qarsiiqh tesir
sabitindan va spin pargalanmasi faktorundan asili olaraq kvaziikidlgtilii elektron qazinin magnitleanma amsali isarasini
dayisir ve ikidlciilii halda miisbest olur. Xarici maqnit sahesinde magqnitlonme emsalinin ossilyasiya etdiyi teyin
olunmusdur. Bels ki, giiclii sahalards bu ossilyasiyalar zeiflaysrsk onlarm amplitudu va tezliyi azalir. Magnitlanmae
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amsalma magqnit agsqarimn verdiyi pay da hesablanmigdir. Gosterilmisdir ki, zeif maqnit sahasinde asqarla bagh olan
magqnitlonms amsali xatti olaraq artir vo miiayyen sertde miibadile qarsiliqh tesir sabitinden ve asqarin molyar
konsentrasiyasindan asili olaraq isarasini dayisir.

Acar sozlar: yarimmaqnit yarimkegirici, II nov ifratqafasler, kvaziikiolgiilii elektron qazi, magqnit asqari,
magqnitlonma amsali, miibadils garsihiqh tasir.

1. Introduction

Diluted magnetic semiconductor superlattices (DMSS), consisting of alternating layers of
two materials that combine electronic and magnetic properties are perspective, and appear
attractive both from the point of view of fundamental physics and technology. This is connected
with to fact that superlattices exhibit many new electronic and optical properties, unusual for
bulk samples, due to the presence of an additional periodic potential whose period is larger than
the original lattice constant. In diluted magnetic semiconductor superlattices, it is possible to
change the electronic potential after making the superlattice structure using external parameters
such as the external magnetic field and temperature. Exchange interactions in such materials
give rise to new spin-dependent phenomena, including giant spin band splitting and large
Faraday rotation [2]. Due to the fact that in recent years it has become possible to quite accurately
determine the values of exchange integrals, theoretical studies of the DMSS physical properties
have received significant development. Changing the composition and impurities concentration
in DMSS, lead to alteration the parameters of the band structure, i.e., magnetic impurities affect
the properties of the semiconductor matrix; they also exhibit behavior characteristic of the
paramagnetic and ferromagnetic phases with a change in the impurity concentration. The
interaction between localized magnetic moments of an impurity and conduction electrons leads
to a number of new properties, for example, the giant negative magnetoresistance at the
semiconductor-semimetal transition [1]. All these effects have a common origin; they are caused
by sp—d exchange interactions. Many of theoretical and experimental works has been devoted
to the study of the spin-dependent transport of charge carriers due to the reciprocity influence of
transport and magnetic properties in DMS [2]. In recent years, using the MBE method, it has
been possible to create layer systems with quantum wells and superlattices of good quality.
However, there are significantly less studies in which low-dimensional systems are studied in
the presence of a magnetic field and magnetic impurities [3-5]. As an example, we give
heterostructures GaAs/AlGaAs [6], where the impurity is manganese. The influence of the
impurity localized magnetic moments is also manifested in the properties of two-dimensional
electron gas in the DMS by changing the g factor. The magnitude of the g factor is affected by
exchange interactions and temperature. Spin splitting reduces the g factor and changes the sign
[7]. In this work, the DMSS thermodynamic properties, namely, magnetization, are studied, since
statistical characteristics significantly affect the magnetic and transport properties of low-
dimensional systems in the presence of a magnetic impurity. Impurity localized magnetic
moments is also displayed in the properties of two-dimensional electron gas in the DMS by
changing the g factor [8]. The magnitude of the g factor is affected by exchange interactions
and temperature. Spin splitting reduces the g factor and changes the sign. In this work, the
DMSS thermodynamic properties, namely, magnetization are studied, since statistical
characteristics significantly affect the magnetic and transport properties of low-dimensional
systems in the presence of a magnetic impurity.
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2. Energy spectrum and density of states of DMSS

The possibility to create thin films, superlattices, and heterostructures of diluted magnetic
semiconductors using molecular beam epitaxy in combination with the appearance of new
properties of these materials makes low-dimension diluted magnetic semiconductors very
important from the point of view of both basic research and applied sciences. In the Cd;_,Mn,Te
and Hg,_,Mn,Te compounds, the exchange interaction between conduction electrons and 3d°
impurity electrons Mn is carried out in the mean-field approximation. For electrons in a given
external magnetic field and for a given state of magnetic ions systems, in the case where the
electron wave function is sufficiently delocalized and the influence of electrons on each of the
magnetic ions can be neglected, the Hamiltonian has the form:

H=H,+H,+H.+H,_, @

where H, is the Hamiltonian of the electron in an ideal crystal; the term H, describes the

influence of the magnetic field on the electron's state this is responsible for Landau quantization
and spin splitting; H. describes the Coulomb interaction of carriers with impurities; and the
term H,, corresponds to the exchange interaction between carriers and ions.

Taking into account the electron spin x,B leads to an additional term in the Hamiltonian,
where is u, = u; (0, /o) the projection of the intrinsic magnetic moment onto the field direction
associated with the electron spin, o,- spin operator with eigenvalue +1/2, u, =ef/2m, - Bohr
magneton, B - magnetic field induction. Since the spin operator commutes with the Hamiltonian,
its zth component is preserved, and in the Schrodinger equation, the spin and coordinate
variables are separated. Therefore, the complete eigenfunctions of the electron, taking into
account the spin, are obtained by multiplying the wave functions without spin by the spin wave
functions corresponding to certain values of the spin projection ¢ =+1/2 In this case, an

additional term is added to the energy eigenvalues, corresponding to the energy of the
eigenmoment in the magnetic field. The difference from a non-magnetic semiconductor is the
presence of exchange interaction. For exchange interaction, the Heisenberg spin model:

Hex Z_ZJ(F_ﬁn)SnO—l (2)

n-number of the magnetic J(F—R,) ion, exchange integral between conduction band
electrons and impurity electrons, o - spin of mobile electrons with ¥ radius vector, S, - spin of
magnetic impurity R, localized at a site (for manganese S, =5/2). When the magnetic field is

directed along z, then in H,,, all manganese spin operators are replaced by their mean values,

ex’/

and for the conduction band, we have:

3A 0
(welH., wc>=‘0 3A" ©
Here
1
A= Noa([S, [)x, 4)

where N, is the number of cells per unit volume, the modification of the band structure

caused by the s-d interaction will be described by a constant & equal to o = —<S|J |S> / Q, X-the

11



Sophia R. Figarova, Mehdi M. Mahmudov, Ragib Y. Damirov

molar concentration of the impurity. In the Schrédinger equation, in the effective mass
approximation, the exchange potential mixes the orbital and spin degrees of freedom, which can
lead to the scattering of electrons from one orbital state to another with a spin flip. The solution
to the Schrodinger equation with Hamiltonian (1) taking into account (3) for the energy spectrum
of semimagnetic semiconductor superlattices in a strong magnetic field parallel to the axis
directed perpendicular to z the layers, which quantizes the motion of the electron in the plane of
the layer and removes the spin degeneracy for the energy spectrum, will have the form:

&(N,o,k,)=(2N +1)1B + g,(1—cosak,) + g"ou; B+ 3AS . )

Where N =1,2,... are the Landau quantum numbers, K, is the quasi-momentum component
along the axis z, u= (m,/m, )iz, M, is the mass of a free electron, m, is the mass of the electron
in the plane of the layer, ¢, is the half-width of the conduction band in the direction k,, a is the
superlattice period in the direction z, g~ is the factor that is determined from the band structure,

and the rest are standard constants. It can be seen that each Landau level is distributed into two
spin sublevels, and the magnitude of the distribution of the Nth level is the same and equal to
Ag =0 1B . In this work, manganese ions with spin 5/2 are taken as impurities, and then the

energy spectrum (5) takes the form:

e=(2N +1),uBJ_r%g/,zBB$gaxf(B,T)+gO(1—cosakz). 6)

X - molar concentration of manganese, f(B,T)= % B, /Z[%I;—/'T'BBJ , where
0

25 +1cth 2S +1_1 th—

B.(X) =
s (X) , 5

- Brillouin function (at strong fields and low temperatures, this function tends to unity).

Two quasi-continuous determines one quantum state in a magnetic field (k,, k, ), three

discrete quantum numbers: N,o,S and the density of states is determined by the formula:

9s(e) = ZSIH “(ak,), )

2(nR) 2 2o =) 2(zzR)

Here R = (#/eB)"? - magnetic length, &, =&(N,o,k,)— (2N +1)1B — g"ou,B—3AS,

Z(s)=ak, = arccos{l— -4 j .

o

From (7) it is clear that the density of states has a feature every time the energy coincides
with one of the Landau levels ¢ = ¢, =(2N +1) 1B, i.e. oscillates with changing magnetic field.

In the case of a degenerate electron gas, the density of states depends significantly on the
relationship between the Fermi level and the width of the one-dimensional conduction band in
the k, direction. Taking spin splitting into account significantly affects the behavior of the

density of state, and at large values of the g" factor there is a linear dependence of the density of

state on the magnetic field.
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3. Magnetization

The magnetization of an electron gas M , using the Gibbs method, can be found based on
the explicit form of the grand thermodynamic potential Q=Q(T,V,J,B):

vo-b@) -
VB )iy,

where the grand thermodynamic potential in a quantizing magnetic field has the form:
Q=-kT Y Inf1+e * | )
Nkk,So

For a grand thermodynamic potential Q=Q(T,V,4,B) we have:
Q=—kT LZT In(1+e"*%*) dZ , (10)
2a (7ZR)2 N o

Where 1" =" —¢;, —¢,, & =41k, T, ey =€, 1K, T, & =¢,/k,T and the upper bound of the
integral is defined as:
T, £>2¢,

_ _ , 11
1B +guB/2-5axf (B,T)/2 g} c<2e (11)

&g

Z,=

arccos(1+

If we move in (10) from integration over dZ to integration over de energy, then for Qwe
obtain [7]:

ok, TV tdk (&,N) = . 12
Q_Z(ﬂR)Z éj 0 In[l+exp( o~ D de (12)

The expressions are valid for any value of the magnetic field and the degree of degeneracy
of the electron gas.
Taking into account (12) in (8), for magnetization, we obtain:

Zg
:ﬂ;z Z Zo+w In ]_+exp ﬂ + +iIfOZsin ZdzZ ;. (13)
B 2a(mR) &sinZ, Ko T KoT 9

N

In the case of a degenerate electron gas, for magnetization in the quantum limit (N =0) we

have:

& . 1B(A+09")+3AS J
=—20 ___|sinZ,—2Z,c0sZ, — ctgZ, |, (14)
ZazZRZB( o T ) ’

here Z, is given by formula (11).
From (14) it follows that the magnetization of a quasi-two-dimensional electron gas,

depending on the degree of filling of the miniband, the molar concentration of the impurity, the
exchange interaction constant and the g factor, changes sign and in a strictly two-dimensional

case becomes positive. In a magnetic field, the magnetization oscillates, and in strong In
magnetic fields, oscillations weaken, and their amplitude and frequency decrease. At low
degrees of miniband filling, the magnetization has the form:

13
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1eB
PR +M,,,- (15)
0

The second term in equation (15) describes the contribution of the diluted magnetic
semiconductor superlattces magnetization.

For magnetization, M,, we get:

2 *
MangN(luBgMn) B+luBgeff th /uBg B i (16)
2 k,T 2 k,T

. b axN
where g . =g" - =

2,uBB

*

In strong magnetic fields at low temperatures (ﬂkg TB >> 1}, we have:

0

n

5 1 uBg 5 axN
M, =—N— 1-= . 17
=5 Ny (a0 B+ ( > Bj (17)

Based on (17), it follows that with increasing magnetic field, the magnetization increases and

then reaches saturation. At /f T <<1, i.e. at weak magnetic fields and high temperatures, the

0
magnetization will be:

5 1 (yBg )’B 5 axN
M, =—N— B2 7 |1-———. 18
Mn 2 kT (/uBgMn) ak,T 2 9B (18)

From (18) it is clear that in a relatively weak magnetic field the magnetization increases

linearly and at a certain magnetic field, but at B <gaxltl , 1.e. depending on the exchange
9
constant and the concentration of the impurity, the sign changes.

4. Conclusion

The magnetization of DMSS with a magnetic impurity of manganese is being studied. It was
found that the magnetization of a quasi-two-dimensional electron gas, depending on the degree
of filling of the miniband, the molar concentration of the impurity, the exchange interaction
constant and the g factor, changes sign and in a strictly two-dimensional case becomes positive.
In a magnetic field, magnetization oscillates, and in strong magnetic fields the oscillations
weaken, and their amplitude and frequency decrease. The contribution of the impurity to the
magnetization is calculated. It is shown that this contribution in a strong magnetic field and at
low temperatures increases with increasing magnetic field, and then reaches saturation as a
result of the alignment of the spin of electrons and magnetic impurities in the averaged external
magnetic field and the exchange field of the magnetic ion. In a relatively weak magnetic field, the
magnetization associated with the impurity increases linearly and, at a certain magnetic field,
depending on the exchange constant and the concentration of the impurity, changes sign.
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