p

AT AIMS Materials Science, 6(3): 328-334.
E DOI: 10.3934/matersci.2019.3.328

i

<
"

Received: 02 March 2019
Accepted: 17 April 2019
http://www.aimspress.com/journal/Materials Published: 24 April 2019

Research article

Effect of magnon-exciton coupling on magnetic phase transition of diluted
magnetic semiconductors

Dereje Fufa and Chernet Amente*
Physics Department, Addis Ababa University, P. O. Box 1176, Addis Ababa, Ethiopia
* Correspondence: Email: chernet.amente @aau.edu.et.

Abstract: This article reports effects of magnon-exciton interaction on magnetic ordering in diluted
magnetic semiconductors (DMS). Quantum field theory is employed using the double time temperature
dependent Green function technique to obtain dispersion. It is understood that interaction of the two
quasi particles take place in the exciton cloud and consequently the spontaneously ordered localized
electrons might be partly trapped and subjected to different angular precision resulting in increase of the
number of magnons. According to our analysis the exciton-magnon coupling phenomena may be the
reason for the attenuation of spontaneous magnetization and ferromagnetic transition temperature 7.
Further observations indicate that there is a significant departure of magnetic impurity concentration,
Xms VS. T, relation from the linearity as suggested by electronic calculations and experimental
estimations near absolute zero temperature.
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1. Introduction

The study of diluted magnetic semiconductors (DMSs) has been a front line research topic due to an
attempt to make use of charge and spin degree of freedom in modern semiconductor technology [1-6].
Virtually, such kind of spintronic devices are believed to solve scenarios like integration of information
processing and storage facilities in a single crystal with enhanced speed, extending battery life and non
volatility of memories [4].

The most difficult problem is how to control the spin degree of freedom and ensure room
temperature functionality. Because, the difference between experimental and theoretical findings still
continue though the later predicts promisingly; as already shown for (Ga, Mn)As and (Ga, Mn)N,
except that x, vs. T, direct relation remains for certain temperature range [7-10]. Theoretical
estimations usually exceed perhaps due to challenges in removing interstitial, antisite and other
degrading defects during experiment [11].
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It is broadly accepted that the 3d sub orbital electrons play the role of magnetism being mediated by
the hole formation due to partial substitution of magnetic impurity in host semiconductors [1,5, 6, 12].
Theoretical and experimental investigations also suggest that interaction of elementary excitations can
affect the thermodynamic property of diluted magnetic semiconductors [12,13] by controlling the hole
intervention process and enhancing fluctuations. Among these are, the formation of exciton-magnon
coupling. The fundamental source of magnon-exciton coupling energy has been accepted as arising
from the coupling between a pair of nearest-neighbor ions and excited electronic states [14].

In this article the effect of magnon-exciton coupling on density of magnons and ferromagnetic phase
transition temperature 7', of bulk diluted magnetic semiconductors are described employing the double
time temperature dependent Green function technique [15]. The approach is used in calculating the
average of dynamical quantities due to the many-particle nature of the problem. The Hamiltonian
describing the system is constructed based on the standard models and understanding that excitons are
always there where there are magnon excitations.

2. Formulation of the problem

The general Hamiltonian that accounts for the description of systems consisting of two different
species of Bosons interacting with each other [16] is given by

H = H™S8 4+ H* 4+ mag—ex (1)
The first term refers to free magnon energy,

H™e = Z wb} by 2)
k

neglecting the interaction of spin waves, where b; (b;) is magnon creation (annihilation) operator and
Wi = 2XJumS 7K*a* + gupB is the free magnon dispersion in which J,,,, = J(r,, — r,,) 1s the exchange
integral between spins at sites r, and r,, measured from an arbitrary origin, z is for the number of
nearest neighbors. S represents localized spins per atom and a in Angstrom, A, is the lattice constant
of the DMS assumed to be the same as of the host semiconductor. k is magnon wave vector, g the
g-factor, up the Bohr magneton and B magnitude of applied field. This can be obtained starting with
the Heisenberg model and using the Holstein-Primakoft representation [17]. Since spin deviations are
not localized to a particular lattice site but propagates throughout with wave-vector k, it is necessary to
use magnon variables b7, b, [17]. The second term on the right-hand side of Eq 1,

H = Zﬁk/CZ,Ck/ (3)
k/

represent free exciton energy where B o k' is exciton dispersion, k is the exciton wave vector [18]
and ¢}, (cy) is the exciton creation (annihilation) operator. The third term on the right-hand side of Eq 1,

H" = %" O(cl by + cuby) (4)

k
signify the magnon-exciton interaction energy where © is taken as independent of wavenumber [19]
and describes the coupling strength of the exciton-magnon in which the cooperative propagation is

ceased.
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In order to determine density of magnons, magnetization, and the Curie temperature Eq 1 is set in
to the typical Green function equation of motion,

el{(bi; b)) = %([bk,bZD + ([bx, HI; b)) (&)
and the total dispersion &, = nk*> — ®, where 7 = J,,,x,,S za® is obtained for small field, B. Note also
that random phase decoupling approximation is applied during the course of derivation. To calculate
the number of magnon excitation, the correlation relation < b(¢)b(t') > [15] is used. where (...) refers
to the quantum statistical average, from which the average number of magnons excited at temperature
T is obtained. Hence,

1 1
o= 5In| —~+1| (©)
B L)
indicating dispersion and number of magnon have a logarithmic relationship, where (1) = (8% =©) —

1

kpT*
1 ’r_ 1

()sz)—3/2a3/l and Y = (xmz)—3/2a3v are for lower
12

1)~! for a single mode and equal time correlation #’ = ¢, and 8 = For all modes of excitation ), {(rn;)

can be expressed in terms of yT3/? and y'®T'/?> where y =

and higher temperatures, respectively; 1 ~ (+2-)*? and v ~ T

3. Result and discussion

Figure 1 is plotted for the T'/? dependent term and dominant near absolute temperature. The
outcome reveals that the coupling energy enhances the density of magnons (3, < n, > /ylor ¥']),
perhaps, due to denser exciton concentration in the region.

Consequently, the spontaneously ordered localized electrons might be partly trapped in the exciton
cloud and subjected to different angular precision.
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(Color on line) Density of magnons vs.

temperatures (the inset).
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The inset curve in Figure 1 refers to the most substantial feature of magnon density at higher
temperatures. Due to the fact that electron-hole pair formation is lower, magnon-exciton coupling
would be poorly significant and leads to the typical 7%/* Bloch law for magnetization.

Following the famous Bloch relation [20], curves are plotted for reduced magnetization, %, VS.
temperature T, as illustrated in Figure 2. Accordingly, the effect of coupling of exciton field to the
magnon field could pronounce at lower temperatures and suppress the spontaneous magnetization by
reinforcing scattering in localized magnetic spins. The inset in Figure 2 also reveals that higher
temperature magnetization is not affected by the interaction of the two quasi particles meaningfully in
agreement with previous studies which suggested that, holes prefer regions of higher local
concentration of magnetic impurity, where they lower their total (magnetic and kinetic) energy by
polarizing the localized spins and hopping among several nearby magnetic impurity sites. As a result,
these regions of higher magnetic impurity become spin polarized at higher temperatures [21].
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Figure 2. (Color on line) Reduced magnetization vs. lower and higher (the inset)
temperatures.

When % approaches zero, the temperature 7 approaches the phase transition 7. [22]. The
magnetic contribution x,,, then, becomes linearly related to 7. and Tj/ S at higher and lower
temperatures, respectively.

Figure 3 demonstrates the significance of exciton magnon coupling strength ® on 7. in which
the impurity concentration is intentionally varied. The lower temperature limit shows zero T, for
certain impurity concentration and up ward curvature, contrary to high temperature findings from Ab
initio calculation for GaMnAs and GaMnN with additional hole doping [4,23], and abruptly raising
eventually with lugging performance as the coupling strength increases with a significant departure
from linearity. The inset curve, however, shows the typical 7. « Xx,, in agreement with experimental
and theoretical studies [4, 12,24].
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Figure 3. (Color on line) Shows variation of magnetic phase transition temperature 7, vs.
magnetic impurity concentration x,,, such that 7. = (a’~'x,,)* or a™'x,, where (@’ = mv
and ¢ = (45);2/31/1) for lower and higher temperatures, respectively, at different coupling
parameters.

4. Conclusion

Magnons and excitons are invariably present in DMSs and hence interact. In our view the interaction
significantly affect the thermodynamic property of the system specially at lower temperatures. This
role of the magnon and exciton coupling is studied by the green function technique and the effects are
illustrated. Our findings also indicate that (n;) = 0 near zero temperature in agreement with the result
obtained by Sato et al. [4,23]. Further scrutiny shows the dropping of the ferromagnetic transition
temperature with enhancement of magnon-exciton coupling strength and exceedingly with magnetic
impurity concentration. It is also understood that exciton formation would suppress the density of free
holes/electrons believed responsible for ferromagnetic orientation of localized electrons from metallic
dopant impurities.

Acknowledgments

We would like to thank Professor Pooran Singh, Department of Physics, Addis Ababa University
for fruitful discussions and critical comments.

Conflict of interest

The authors declare that there is no conflict of interest regarding the publication of this manuscript.

AIMS Materials Science Volume 6, Issue 3, 328—-334.



333

References

1.

10.

11.

12.

13.

14.

15.
16.

17.

18

19.

Munekata H, Ohno H, Von Molnar S, et al. (1989) Diluted magnetic I1I-V semiconductors. Phys
Rev Lett 63: 1849-1852.

Matsukura F, Ohno H, Shen A, et al. (1998) Transport properties and origin of ferromagnetism in
(Ga,Mn)As. Phys Rev B 57: R2037-R2040.

Kudrnovsky J, Turek I, Drchal V, et al. (2004) Exchange interactions in III-V and group-IV diluted
magnetic semiconductors. Phys Rev B 69: 115208.

Sato K, Schweika W, Dederichs PH, et al. (2010) First-principles theory of dilute magnetic
semiconductors. Rev Mod Phys 82: 1633—-1690.

Furdyna JK (1988) Diluted magnetic semiconductors. J Appl Phys 64: R29-R64.

Dietl T, Ohno H, Matsukura F, et al. (2000) Zener model description of ferromagnetism in zinc-
blende magnetic semiconductors. Science 287: 1019-1021.

Olejnik K, Owen MHS, Novak V, et al. (2008) Enhanced annealing, high Curie temperature, and
low-voltage gating in (Ga,Mn)As: A surface oxide control study. Phys Rev B 78: 054403.

Satoa K, Dederichsa PH, Katayama-Yoshidab H, et al. (2003) Magnetic impurities and materials
design for semiconductor spintronics. Physica B 340-342: 863—-869.

Hilbert S, Nolting W (2005) Magnetism in (III, Mn)-V diluted magnetic semiconductors: Effective
Heisenberg model. Phys Rev B 71: 113204.

Ohno H, Matsukura F (2001) A ferromagnetic III-V semiconductor: (Ga,Mn)As. Solid State
Commun 117: 179-186.

Wang M, Campion RP, Rushforth AW, et al. (2008) Achieving High Curie Temperature in
(Ga,Mn)As. Appl Phys Lett 93: 132103.

Dieti T, Ohno H, Matsukura F (2001) Hole-mediated ferromagnetism in tetrahedrally coordinated
semiconductors. Phys Rev B 63: 195205.

Kojima N (2000) Elementary Excitations in Magnetically Ordered Materials, In: Sugano S,
Kojima N, Magneto-Optics, Springer Series in Solid-State Sciences, Berlin, Heidelberg: Springer,
37-74.

Sell DD, Greene RL, White RM (1967) Optical Exciton-Magnon Absorption in MnF,. Phys Rev
158: 489-510.

Zubarev DN (1960) Double-time Green functions in statistical physics. Sov Phys Usp 3: 320-345.

Mahanty J (1974) The Green Function Method In Solid State Physics: An Introduction, New Delhi:
East-West Press Pvt. Ltd.

Holistein T, Primakoff H (1940) Field Dependence of the Intrinsic Domain Magnetization of a
Ferromagnet. Phys Rev 58: 1098-1113.

Kittel C (1987) Quantum Theory of Solids, 2 Eds., Johin Wiley and Sons.

Richardson DD (1974) Phenomenological theory of magnon sideband shapes in a ferromagnet
with impurities. Aust J Phys 27: 457-4770.

AIMS Materials Science Volume 6, Issue 3, 328—-334.



334

20. Bloch M (1962) Magnon renormalization in ferromagnets near the Curie point. Phys Rev Lett 9:
286-287.

21. Berciu M, Bhatt RN (2001) Effects of disorder on ferromagnetism in diluted magnetic
semiconductors. Phys Rev Lett 87: 10720.

22. Kittel C (2005) Introduction to Solid State Physics, 8 Eds., New York: John Wiley and Sons.

23. Sato K, Schweika W, Dederichs PH, et al. (2004) Low-temperature ferromagnetism in (Ga,Mn)N:
Ab initio calculations. Phys Rev B 70: 201202.

24. Koshihara S, Oiwa A, Hirasawa M, et al. (1997) Ferromagnetic order induced by photogenerated
carriers in magnetic III-V semiconductor heterostructures of (In,Mn)As/GaSb. Phys Rev Lett 78:
4617-4620.

©2019, the Author(s), licensee AIMS Press. This
is an open access article distributed under the
terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0)

@ AIMS Press

AIMS Materials Science Volume 6, Issue 3, 328—-334.


http://creativecommons.org/licenses/by/4.0

	Introduction
	Formulation of the problem
	Result and discussion
	Conclusion

