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A theoretical model of high Curie
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semiconductors based on
iron-doped indium antimonide
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Awuliya, Ethiopia

In this paper, without using an external magnetic field, ferromagnetism on diluted
InFeSb magnetic semiconductors is studied up to 317.65 K. The spin-wave model
that the Heisenberg Hamiltonian translates into in the system has been developed
using the green function formalism and the Holstein—Primakoff transformation
estimate. The numbers of magnons, dispersion, Curie temperature, susceptibility,
and specific heat capacity of the system have all been determined using the
established model. The findings demonstrate that the ferromagnetic in
Ing.g93Fe0.107Sh has a Curie temperature that is significantly higher than those
found in prior investigations (317.65 K).
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1 Introduction

Before 1960, magnetic and semiconductor devices had different purposes: magnetic
devices were used to store data, whereas semiconductor devices were used to transmit and
analyze data [1-2]. The device made of these materials replaced two different devices made
of magnetic and nonmagnetic semiconductors simultaneously around the time that EuO
ferromagnetic semiconductors were discovered in the 1960s; however, since the device only
works at low temperatures, we conducted the study to investigate for a different result [3-4].
Since spin-based electronics with diluted magnetic semiconductors have recently been
developed, research to overcome this constraint has doped Mn in II-IV semiconductors
[4-6]. Because of their potential as a novel material that will open the door to new
applications, diluted magnetic semiconductors are of great interest to the industry [7].
Thus, diluted magnetic semiconductors are expected to play an important role in next-
generation spin-based electronics, or spintronics technology [8-11]. This type of technology
is required if the DMS Curie temperature (T¢) is higher than the room temperature for the
application [9]. As is observed, diluted magnetic semiconductor devices not only fill the gap
between the magnet and the semiconductor devices but also use it to store, process, and
transmit data simultaneously, saving time, space, and money [12-18].

Manganese doped on II-1V, one of the 3D transition elements according to the study, has
been the subject of numerous studies. The Curie temperature is promising compared to an
intrinsically magnetic semiconductor, but because it is very low compared to room
temperature [4, 18], it has attracted the attention of other researchers. In contrast,
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manganese doped in III-V has been able to achieve a higher Curie
temperature than manganese doped in II-IV [10, 20]. However, its
Curie temperature is less than the room temperature.

Some researchers have studied manganese-doped III-V narrow-
band-gap semiconductors, with Curie temperatures higher than
room temperature in some studies and lower Curie temperatures
in others. Previous research has shown that a ferromagnetic Curie
temperature is less than room temperature in the absence of an
external magnetic field, as shown as follows: In [21-24], the Curie
temperatures of (In, Mn) Sb are 2K, 4K, 20K, and 130K; in
addition, in [25-29], the Curie temperatures of (In, Mn) As are
7.5K, 35K, 82 K, and 175 K. Previous research has shown that when
an external magnetic field is used, the Curie temperature of the
ferromagnetic is higher than the room temperature. In [8], [9], [12],
[15],[22], [25], and [31-33], by setting a magnetic field from 1.6T to
15T, the (In, Mn) Sb curie temperatures were found to range from
300 K to 600 K. In addition, in [33-36], applying a magnetic field
from 1.6T to 15T, the (In, Mn) As Curie temperatures from 293 K to
400 K have been found. However, Mn-doped III-V semiconductors
have been found to exhibit ferromagnetism only from the origin of
p-type carriers, so n-type diluted semiconductors may not be
realized on this system. Most semiconductor devices, such as p-n
junction diodes, spin light-emitting diodes, and field-effect
transistors (semiconductor lasers), require a pair of n-type and
p-type semiconductor materials to work. Due to this, we initiated
the study of Fe doped on InSb with electrons exhibiting n-type
electron-induced ferromagnetism, that is, filling the missing
counterpart of p-type diluted magnetic semiconductors. Fe-doped
InSb ferromagnetism originates from p-type carriers and shows
electron-induced ferromagnetism, which is an n-type diluted
semiconductor, making it easy to be used in real spin devices
[37-40]. The n-type InSb (In, Fe) Sb ferromagnetic diluted
magnetic semiconductor shows significance for next-generation
nanoelectronic device [41] applications such as spintronics [42],
biosensors to detect bacteria [43], Hall sensors [44], photonics [45],
optoelectronics [46], infrared emitters [46,47], gas sensors [48],
magneto resistors [49-50], and speed-sensitive sensors [51]. To
use and apply the devices mentioned previously, it is necessary to
understand the ferromagnetism properties of Fe-doped InSb.

Fe doped on InSb obtained an n-type diluted magnetic
semiconductor; its curie temperature is higher than or less than
the room temperature, with or without an applied external magnetic
field; in [13], [19], and [37-52], the Curie temperatures of InFeSb are
131 K-385 K, when x = 5%-16% and 20%-35%.

When Fe®* is replaced by a III-V semiconductor, the total spin
quantum of Fe** (S = 5/2) [38], it is observed that the atomic mass of
the pre-unit volume reaches from 6 x 10¥cm™ to 2.6 x
1 x 10%'em™3 [19, 38, 39] and that the number of atoms in the
pre-unit volume reaches 102cm™ to 2.2 x 10%2cm™ [11].

The Fe-Fe magnetic coupling impurity interaction value of an
n-type semiconductor depends on the distance. In [53], when
manganese is doped on CdTe, the maximum ferromagnetism
value is 9.77 meV with a distance of 6.3 + 0.3 and 0.810 meV
with a distance 1.9 + 1.1 using the RKKY model. The Fe-Co-Fe
coupling interaction value, as cited in [54], is 10 meV using the
RKKY model.

According to [55], there are three distinct energy ranges for spin
waves. The lowest range, known as low-energy spin waves, is from
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9 to 70 meV; the second ranges from 80 to 140 meV; and the third
ranges from 180 meV to 230 meV. We can set quantitative limits on
the effective exchange couplings in the Heisenberg Hamiltonian,
thanks to the high-quality spin-wave data. As a result, our system
developed on low-energy spin waves, and for our calculation, we
took the value that is closest to the smallest range (9 meV), which is
10 meV.

The exceptional fact observed in this study is that we have
found the Curie temperature of the ferromagnetism of InFeSb
n-type diluted magnetic semiconductors to be 317.65 K without
applying an external magnetic field. We used the green function
formalism and the Holstein-Primakoff transformation estimate
to develop the spin-wave model translated by the Heisenberg
Hamiltonian into our system. According to the developed model,
the number of magnons, dispersion, Curie temperature, specific
heat capacity, and susceptibility were calculated. To obtain this
result, we used the results of the Fe ion concentration from 5% to
10.7% from [19], the number of atoms per unit volume
1 x 10*'¢m™ from [11, 19, 38, 39], and the lattice constant of
a=6.48 A" from [31], which had also been used for the theoretical
analysis.

2 Hamiltonian model of the system and
Green'’s function formalism

In the presence of an applied magnetic field By oriented in the
z-direction, the Hamiltonian of the Heisenberg ferromagnetic model
is written as follows [56]:

H = _Z«J) ](R; - Rj)éi.éj - g#BBO Zi Siz- (1)

Without a magnetic field applied to the system, H becomes as
follows [58]:

H = _Z<i,j> ](R, - R])S,.SJ, (2)

where the symbol (4, j) implies a sum over all distinct pairs of
nearest neighbors, and S; is the total angular momentum of the i
ion and is parallel to the magnetic moment of the ion rather than
opposite to the moment. If we write $;.5 ; in terms of x, y, and z
components of the spin operators, the Hamiltonian becomes

H=- Z<i,j> ]ij(gixgjx + Si},gjy + §,.ZS}.Z)

where gixgjx + Siygjy = %§i+§j— + %Siiéjfr.

Notice that a;*, which creates one spin deviation on site j, acts
like lowering the operator S;7, while a; acts, by destroying one spin
deviation on j, like S;".

Using the Holstein-Primakoff transformation to boson creation
and annihilation operators a;* and a;, and substituting in Eq. 3, it
can be written as follows:

. 0 N O PO R L ML AT
H= SZOJ)],J{ 1= ogaiay L= o5 +ai 1= 56\l 2Sa,+s<1 S)(l s)}

(4)

This H can be expressed as follows:
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H=E,+ Hp+ H,. (5)

Here, Eo is the ground state energy, Ho is the bilinear in spin-
wave variables and magnon without an interaction, and H; is the
part of the Hamiltonian that is quadratic in the spin deviation
creation and annihilation operators. However, it is developed in our
system by the bilinear in spin-wave variables and magnon without
an interaction.

Hy is the bilinear in spin wave variable and magnon without
an interaction, then H, can be written as

H, = -z8 ij Tillybbi + v b Tb — 26,7 b} (6)

We introduce J, one of the nearest neighbor vectors connecting
neighboring sites, and write x; = x; + § in the summation; then,
taking the term Z_]ij and considering the contact type of the

interaction, we get the following [4]:

Zj ]ij = Z], ](ﬁlj) = ]z] 5(R,-—Rj). (7)
Taking the average over j, we obtain
<2 0(Ri-R;)> =x. )

Substituting Eqs 7, Eqs 8 into Eq. 6, then we obtain Eq. 9 as
follows:

Hy = xzS] ij{—ykbkbk" — ybi b + 267 by ) 9)

If the center of symmetry y — k = y,. further, since z ekR =0
unless R = 0, it is apparent that Zk i = 0, for which

Hy=) b= 22x]S(1-y,)bi be. (10)

For a long wavelength [k.§] < 1, in this region, we can expand

Using Z ;1 =2 and z 50 =0, the aforementioned expansion

ik.8

€™ in powers of k. Therefore,

kb
Y =2" 8( +ik.8 - (2) (11)

gives the following formula:

l—yk)——z6 (k.8)?

For a simple cubic lattice |§| = a and Z (k.8)* = 2k%a?, Formula
10 is written as follows:

(12)

Hy=) wbi'be =) 2Jx8a’k’b by (13)

Taking average over the impurity concentration, Hj
becomes {(Huagnon):

<Hmagnon> = <Zk zjxsazkzbk+bk> = Zk ﬁkwkx (14)

where 1y = b, "by in the number of magnons in the state k,

wi = 2] xSa*k?. (15)

Eq. 15 is the ferromagnetism magnon dispersion relation for the
magnetic impurity concentration x.

For our present application, it is convenient to separate G (t,t')
into two parts that propagate a state forward or backward in time.
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Hence, in general, we define the retarded Green function and
advanced Green’s function [59]:

(16)

G (t,t') = <B(),C(t) >, =-i0(t—t') < [B(t)

C(t)]>.

We consider the operators B = by and C = b;", then Formula 16
is written as follows:

Gue (61) = <bi (), b (1) > = -if(t—t') < [bi (1), b " (t')] >

(17)

Assuming it is [by (t), b (t')] = bi (b ™ (1) = (b (1) by (1) =

bkbk'+ - Cbk’+bk> (: + 1
Simplifying Eq. 17, we obtain the following:
Gy (t,1) = =i (t, ') [ <bi (Db (') > = {<bye () i (1) > .
(18)
After different Formula 18 with respect to t, multiplying both
sides  of  the
Hmagnon = Zk wkbk (t ) bk (t)

result by i and  substituting

, we obtain the following formula:

d N
la bk (t) = [bk (t)) Hmugnon]

d
— G

g7 () =68(t-t") < [be(t),be" ()] >

—i0(t - t')] < [oib (0, b ()] > ). (19)

Simplifying Eq. 18 using the Fourier transformation and
considering k = K, then Eq. 19 can be obtained as follows:

1

Gue (w) = 7%[((0 )

(20)

When w — wx = 0, we obtain the dispersion relation.
The correlation function (b *by) is related to the analytic

i

21

property of Green’s function, written as follows:

<<bk)bk >>m+16 <<bk’bk >>w i6 ( 1w{t t})d

ew—1

(b bk>—zlzmMzJ

—00

Let w = wx be considered the dispersion relation, then
simplifying Eq. 21, we obtain the following:

6(wk - (J.)k) do = 1
ek — 1

(b "br) = lim ij . (22)
8§50 eowk — 1

1

Substituting Eq. 13 and 0 = ¢+

in Eq. 22, we obtain the
following:

1

2JxSa?k2
e KgT

(Y = b'by) = (23)

-1

The total number of magnons in all modes excited at
temperature T can be calculated as follows:

Y = ID(w)n(w)dw. (24)
D (w) with frequency dw at w is calculated as follows:
I o[ dk
D(w) = (E) (4rk )<%>. (25)
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FIGURE 1
Curie temperature versus Mn concentration impurity.
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FIGURE 2

Specific heat capacity versus temperature with a constant concentration of impurity x.

Substituting Eqs 23, Eqs 25 into Eq. 24, we obtain the following:

1 1\ (dk KT \?
Zk i = jo m(ﬁ) (4mk )<%>da)—0.0587<2]xsa2> . (26)

Eq. 26 gives us the number of reversed spins given by the

ensemble average of the spin-wave occupancy numbers.
Thermal magnetization as a function of T is referred to as
spontaneous magnetization; it is expressed as [57, 60]

S +
M (T) = W%Z: % (NS—Z(bk bk>>
k

=M -2y (), (27)
k

_ L gosgr KT Y
MS(T)_M5(0)<1 nsvo'0587(2}x3a2> ) (28)

Ms(T) _ —L0.0587< KsT )i. (29)

M (0) nSvV 2] xSa?

For a primitive unit cell, the aforementioned equation is
expressed as follows:

Frontiers in Physics

Ms(T) _ ) L g ose7( KeT %—1 T\ (30)
Mg(0) nS 2JxSa?) T.)

Eq. 30 indicates that reduced magnetization rapidly changes and
is inversely proportional to temperature.

To find the Curie temperature, we assume that reduced
magnetization becomes zero, and it is expressed as Ms(D) _

Ms (0)
0=1- "~ o00ss7( XL %—1 Ty’ (31)
TonSs 2jxSa? ) T.) "
Rearranging it, we get the Curie temperature as follows:
o [US\(msa )} )
c=x| — .
Kz /\ 0.0587

If the field s
magnon-magnon interactions are neglected, then we can
write the magnon frequency as wy =2xJSa’k’ for small
values of k.

external magnetic zero and if

The internal energy per unit volume associated with this
excitation is given by [56]
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U= % > ki), (33)

where {7,y = = g © = KgT, and wy = 2JxSa’k>.

1
z/xsai_kz
5T -]
Converting thé sum to an integral over K and simplifying it by
part gives the following:

1 (@ Wy 1 Dk?
U= dhk——— = J &’k
(2n)’ L L @m’)e ePMed
%
= 0.0456 M. (34)
(2] xSa2)*

The heat capacity of magnons will be calculated as follows:

U9 (0456 KD ” >
TorT T oT\ (2]xSa?) %

1 A

The specific heat capacity of magnons will also be calculated as

Cimagnon

follows:

Cmagnon _

Cmagnon = . -
unitmass

1 5.3,
13— KT Z/K. 36
<(2]x8a2) /2) ? & (9

The basic equation of magnetization for ferromagnetic material
as a Brillouin function is given by

M (H,T) = Nu,SBs(x), (37)

where the Brillouin function that varies from -1 to 1 is
defined as

25+1 /2541 1 1
Bs(x) = th( )—— th(— )
s (%) = — g coth{ 5% ) ~ 35 coth{ 5%

1 1 1 1
=— (S + —)coth(s + —)x - —coth(f). (38)
S 2 2 2 2

For spontaneous magnetization,

o = J¥sHers _ gup (H +AM)

. 39
KBT KBT ( )
For  using  expanded  power  series  expanded
for y<1,cothy = £*< = %4. 1y,

By (x) 1 (S+1) 1 +1(s+1) 1(2+x)
s(X)=< ) ——*= —Jx |-=z(-+=
S 2 (S%)x 3 2 2\x 6

111 1 1\? 1 1 1 1
== —+—(S+—) x-—-X :—(Szx+Sx+—x——x):f(S+1).
S{x 3 2 x 12 38 4 4 3

(40)

Substituting Eqs 35, Eqs 36 into Eq. 33, we obtain

2, 28(S+1)

M: Ng PZIB 2351<(};+1) _ C _ C . (41)

H (T-Ng Ug Ky A) T-CA T‘—’TC

Since Ngzszs—g(*;) = c and gzszs—gi*B]))t =T,
_M__¢ (42)
YEHTToT

This is the Curie-Weiss law.
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3 Results and discussion

In the previous section, we formulated the spin-wave model
translated by Hamiltonian and explored the ferromagnetism
dispersion, using Green function formalism change, and

comparing the dispersion with the magnitude of the
ferromagnetism magnons, Curie temperature, susceptibility, and
specific heat capacity (In, Fe), Sb formulas have been obtained.
In this section, we have used the following parameters to analyze and
graphically describe the ferromagnetism parameters mentioned
previously: ], = 10meVithe lattice constant of an InSb
a=6.48A% atom S = %; kg = 0.08625meV/K; Bohr magneton =
pp = 5.49 x 10723J/T, the Fe ion concentration x = 0.055-0.107;
and the number of lattice points per unit volume n = 1 x 107m>
[11, 20, 30, 56-60]. Finally, the are plotted based on the lab cod mat,
and the findings of the study are summarized in relation to the
previous study on the ferromagnetism property of diluted magnetic
semiconductors.

The magnon magnetic order is obtained in In; 4Fe,Sb when the
manganese ion concentration is 0.05-0.107. We calculated the Curie
temperature with this concentration in Eq. 32 by substituting a
numerical estimation constant, and the graph plotted of the Fe
concentration range with the Curie temperature is illustrated in the
following paragraphs.

Figure 1 shows that the Curie temperature of (In, Fe) Sb is
linearly proportional to the iron ion concentration in the given
range. It meant that (In, Fe) Sb has a ferromagnetic order only in the
region of the iron ion concentration from 0.05 to 0.107 and the
temperature less than 317.65 K. The minimum Curie temperature of
In;_ Fe,Sbis 163.4 K when we use x = 0.05, and the maximum Curie
temperature is also 317.65 K when we use x = 0.107. When the
temperature reaches Curie’s temperature, the phase change takes
place; it becomes par magnetism. The calculated curve fits the
experimental results obtained [39, 40] and [57, 58].

The specific heat capacity of the (In, Fe) Sb formula is
expressed in Eq. 36 by substituting the numerical estimation
constant in this equation; the graph of specific heat capacity
versus temperature with a constant concentration of Fe impurity
is plotted.

Figure 2 indicates that the internal energy and the specific heat
capacity of the ferromagnetic order in In; ,Fe,Sb vanish when the
temperature reaches the Curie temperature, which is 317.65 K. With
a constant manganese ion concentration, the specific heat capacity is
directly proportional to temperature (T*), but it is inversely
proportional to the manganese ion concentration (x ), with the
temperature constant.

The reduced magnetization of the ferromagnetic magnon as a
function of temperature is calculated in Eq. 34; we have plotted the
graph.

As shown in Figure 3, the reduced magnetization rapidly
changes and is inversely proportional to the reduced
temperature, up to the Curie temperature. Thus, when the
temperature approaches the Curie temperature, magnetization goes

M (

to zero. When the temperature is equal to 317.65 K, the (g)) becomes

M
zero, that is, the spontaneous magnetization disappears. When the

M, (T)
> M (0)

magnetic moments alignment will be completely parallel. The calculated

temperature is equal to 0 K approaches 1, that is, the atomic

curves fit wonderfully well with the experimental results reported.
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The ferromagnetic susceptibility of the (In, Fe) Sb formula is
expressed in Eq. 42 by substituting the numerical estimation
constant in this equation, and the ferromagnetic susceptibility of
Ing g93Feq 107Sb versus temperature is plotted.

As we observed in this figure, the susceptibility of the
ferromagnetic magneton increases when the temperature
decreases
temperature

with a constant concentration of iron at a
than the The
temperature approaches 317.65K on the right side, the

greater Curie temperature.
susceptibility becomes infinite, and when the temperature is
317.65K, the

Ing.ge3Feq 107Sb is undefined.

equal to ferromagnetic  susceptibility of

In this study, we used the spin-wave model of the Heisenberg
Hamiltonian magnetic coupling interaction (J) without applying
magnetic fields, electric fields, or chemical potential to get the Curie
temperature of (In, Fe) Sb above room temperature, which is
317.65 K. If we used magnetic field, electric field, and chemical
potential by using the RKKY interaction model, the Curie
temperature of (In, Fe) Sb may be higher than that investigated
in this study.

Frontiers in Physics

4 Conclusion

This study’s primary goal is to calculate the indium iron
antimonide Curie temperature at temperatures higher than
room temperature without the application of an external
magnetic field. Indium iron antimonide material has a
ferromagnetic Curie temperature that is lower than room
temperature in the absence of an external magnetic field,
according to earlier studies.

The unique aspect of our study is that we were able to
determine the Curie temperature of the diluted (In, Fe) Sb
n-type ferromagnetism without using an external magnetic field.

We developed the spin-wave model utilizing Hamiltonian
translation and investigated the ferromagnetism dispersion. By
comparing the dispersion with the magnitude of the ferromagnetism
magnons, we were able to determine the Curie temperature,
susceptibility, and specific heat capacity (In, Fe) Sb formula.

As the temperature approaches the Curie point, which is
317.65K, the internal energy and specific heat capacity of the

ferromagnetic order in Inggg3Fe197Sb disappear. This is shown
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by the relationship between specific heat capacity and temperature
with a constant concentration of impurity x. With constant
x =0.107, as illustrated in Figure 3, the relationship between
reduced magnetization and lowered temperature is inversely
proportional up to the Curie temperature. As seen in Figure 4,
the susceptibility of ferromagnetic magnets increases as the
temperature decreases while maintaining a constant iron
concentration for temperatures higher than the Curie temperature.

This n-type
antimonide material

ferromagnetic semiconductor indium iron

exists at room temperature and is

surprisingly used in modern and sophisticated spintronic devices.
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