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Abstract: Recently there has been a considerable interest in studying iron-based superconductors called
pnictides. The aim of this paper is to give a contribution to better understanding of magnetic properties of
the 122 class of iron pnictides. We use anisotropic J,-J SR Heisenberg model. The method of spin Green’s
functions in the Tyablikov’s random phase approximation (RPA) decoupling scheme is used to determine
the transition temperature. Based on the obtained expression for the transition temperature, we study its
dependence on the spin anisotropy. Furthermore, we compare our model results with the experimentally
available data for the transition temperature. In addition, we test our model predictions of the transition
temperature using the exchange interaction values from other articles. Results presented here should give
additional contribution to understanding the magnetic properties of the 122 class of iron-based supercon-
ductors.
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1. INTRODUCTION

The discovery of superconductivity in
fluorine-doped LaOFeAs opened a new direction
in the research of unconventional high-temperature
superconductors [1]. It was followed by numerous,
both theoretical and experimental, studies of a newly
discovered class of iron-based superconductors,
called pnictides. Today, the family of  high-
temperature iron-based superconductors includes
pnictides such as the so-called 1111-system
RFeAsO (R-rare Earth element), 122-system
AFe As, (A = Ba, Ca, Sr), lll-system XFeAs
(X=Li)and 11-system such as FeSe [2-7]. New types
of iron-based superconductors are even recently
being discovered such as the so-called 1144 class [§]
and new research is done constantly on previously
discovered compounds [9]. Pnictides showed a lot of
similarities with the so-called cuprates, a well-studied
class of high-temperature superconductors [10]. The

main similarity between cuprates and pnictides is
the layered structure (see Figure 1). In the case of
pnictides the layered structure is made by layers of
FeAs. Pnictides, like the cuprates, have a long-range
magnetic order that is lost by doping with electrons
or holes, when a superconducting state occurs.

Figure 1. Crystal structure of BaFe,As,, an iron pnictide
compound of the 122-type in undoped regime
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Undoped pnictide compounds are bad
metals that have a long-range antiferromagnetic
order below the Neel temperature T < 220 K
[11,12]. Although it is believed that magnetism has
a significant role in the onset of superconductivity
in pnictides, there is still no general accordance
on the magnetic interactions in these compounds.
There are currently two active ways of looking
at the nature of magnetism in pnictides: model
of localized electrons and itinerant model. In this
paper, we present the results of modeling the 122
pnictide system as a system of localized electrons
within the anisotropic Heisenberg antiferromagnetic
model. We will use the 3D anisotropic Heisenberg
antiferromagnetic J-J-J-J model to calculate
the spin-wave spectrum and from it derive the
transition (Neel, critical) temperature T,. Above
this temperature long-range magnetic order in
destroyed. Similar work was done on the analysis
of 1111-system of pnictides in undoped phase [13].
Main idea of this paper is to give the selection of
magnetic interactions that are used in model spin
Hamiltonian and to see how Neel temperature
depends on them and on spin anisotropy.

This work is organized as follows: after
general introduction we will give an overview of
three-dimensional  antiferromagnetic J-1-J -
Heisenberg model with spin anisotropy. By using
the Green’s function method for spin operators,
we will obtain spin-wave spectrum and Neel
temperature. Green’s functions equations of motion
are decoupled by using so-called Tyablikov’s
decoupling or random phase approximation. After
that, we will present numerical results that will
show how does Neel temperature depend on model
parameters, anisotropy and how results compare
with the experimental data. Finally, we summarize
the conclusions and give an overview of used
literature.

2. MODEL HAMILTONIAN
AND MAIN RESULTS

In order to describe antiferromagnetic long-
range order of layered 122-type of pnictides we use
Heisenberg model on a bilayer magnetic unit cell.
We use the following Hamiltonian:

2
=D DD e (S @03,505:00 + S AD3,15,1:8))
mp i=1 ;Tu

) 1eGim(@)3ms(b2) + SmsG1)Smi(@2) + Ss(A)Sm (B2) + S (B (42))
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mp ), i=1

where Smﬁ(ni) represents spin operators in the
n;-th sublattice in the m-th bilayer, while p is the
position of spin inside bilayer plane and a = a,b .

Figure 2 shows magnetic elementary cell with
eight sublattices labeled by n; = ay, b;, 4;, B;
for i =1,2.
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Cc

Figure 2. Magnetic unit cell of a bilayer used to model 122-type

of pnictides with the dominant spin interactions labeled

Nearest neighbors along directions a and
b are denoted by Xa/b while Jq, and Jq, will be
corresponding exchange integrals [9,11,14-17].
Next nearest neighbors are labeled as x, with its
corresponding integral J,. Exchange integral of
spins between layers in bilayer is denoted by J. and
interaction between different bilayers is ], [18,19].
Interactions between layers and bilayers are taken
to be a lot weaker than the other ones. The effect of
structural phase transition will be omitted, although
it was observed in pnictide compounds, so the used
elementary cell will be tetragonal. The exchange
integrals are assumed to be antiferromagnetic if >0
and ferromagnetic if J<0. Spin operators $*(n;),
$Y(ny), $%(n;) are expressed in terms of raising
and lowering spin operators S$*(n;) [20]. Spin
anisotropy is taken into account along z-direction
for interactions given by exchange integrals J1,, J1p,
Jc and it is given by parameter 1 (=146, 6<<1).
In order to make our calculations and analysis a
bit easier, a rotation by m is done in spin space for
sublattices n'= a,, by,A,, B; . In other words, new
local coordinate system is introduced which is
done by unitary transformation of spin operators on
lattice points that correspond to sublattices n” [21].
Introduced magnetic unit cell shows striped order of
spins and for that it should be taken that J, > J{,/2.
Also, all exchange integrals are taken to be positive
except J1p (Will be negative, but can be taken positive

as well). Calculations are done within the Green’s
functions formalism for the arbitrary spin value
S, and specifically for the S=1 [12,22]. We are
using method of double-time temperature Green’s
functions [23]. Equations of motion for the Green’s
functions of operators S,:(ay), Sps(b1), Sps(A41),
Sm3(BL)s Sm(a2), Sis(b2), $73(A2), Ss(By) are
calculated [13,21]. Further calculations were done
by using so-called Tyablikov’s decoupling or random

phase approximation where we have that [23]:

(S B S WMIR, @) = 2)
{S BN US MR, (@), i #

Operator R can be chosen arbitrarily.
Translational invariance and rotation in spin
space allow that for every sublattice we can take
($°(B))=0(B) =0 as the ordering parameter,
namely, sublattice magnetization. Using appropriate
Fourier transformations we get and use:

A 1 . o

S+ﬁ(ﬂ) — Z St (‘8)elk||-p+l(mL+(nZ—1)a)kz )
mp ’—NZN : k

n, =12 )

where N, is the number of atoms in a-b plane, m counts
bilayers, L=c +c, represents period of superlattice
along c direction. We obtain the following system of
equations for the Green’s functions:
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where we have used following notation:

€ =0(2)1a— 21+ +]p +4J2) (5a)
Ja = 0J1a cogaky) (5b)
Jp = dJyp coaky) (5¢)

Solving system of equations for Green’s
functions gives us spin wave dispersion.

Ja = 0], codaky) cogaky) (5d)
Jec = JUC +]pe_iCkz) (56)
Jeece = (e +]peiCkz) (51)

Spin waves dispersion has four positive
solutions:

Ey = J (€ = 25)? = 4Ua = Ya)? ~Jeclece = eccccUa — Za)? (62)
By = (€ = 210)? ~ 400 - 20 ~Jeclece + WecTeocUa = 2a)? (6b)
E; = J (€ +2p)? = 400 + Y)? ~Jecece = WedeceUa + Za)? (6c)

(6d)

E4 = \/(E + Zjb)z - 4Ua + Zjd)z _]cc]ccc + 4\/]cc]ccc(]a + Zjd)z

where E, has the Goldstone mode. Spin gap that is
obtained when k — 0 in E, vanishes when n=0. Spin
wave dispersion depends on magnetization and that
indicates that magnon energy is temperature depen-
dent and tends to zero as T — Ty . In order to obtain
sublattice magnetization we have calculated correla-
tion function:

(S~ (a)S*(ay)) = 209(T) (7

where the function @ is given by:

o333 (o)
Sesteonti)3)

j=3

where T is the temperature and k; is the Boltzmann’s
constant. Further on, we use the self-consistent
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Callen’s relation for the magnetization for arbitrary
spin S in random phase approximation [20,23]:

E—=D)A + D)1 + (S + 1+ 9)P>5*!
- (14 @)25+1 — p25+1 ©)

Magnetization is a function of temperature as
well as all the exchange integrals and spin anisotropy
(model parameters). We obtain the Neel temperature
using that when T — Ty then o — 0. For the case of
S=1 obtained expression for the Neel temperature in
random phase approximation is [13,21]:

where for example, in the case of S=1 the magneti-
zation is given with:
_ 14 20(T) (10)
1+ 39(T) + 392(T)

where €= (2)1q¢ = 2/1p +JIN+Jp +4J, and
E; = E;/o fori=1,2,3,4. In the following section we
will use (11) in order to perform numerical analysis
of obtained expression and present the influence of
anisotropy on Neel temperature.

2 1
TN = 3kB iz—' (E—Z]lb cos(aky) n €—2]1p cos(aky) €+2]ipcos(aky) ~ €+2]1p cos(aky)) (D
4N “k E? E2 E2 EZ
3. NUMERICAL ANALYSIS T - ' e
AND DISCUSSION 1000 Fu - f_ T C T

In the previous section we have derived the -
analytical expression for the Neel temperature . 800 i
for the 122-type of pnictides within our bilayer %
model. From (11) we see that Neel temperature & oot _
depends on model parameters namely its exchange
integrals values and anisotropy. This section we
will use to present numerical results on how Neel 400 R et a A ]
temperature depends on spin anisotropy and to 1002 1004 1006 1008 1010
present the transition temperature values for the n
wide range of model parameters values. We shall
compare our results with experimentally available L e R
results for three 122-type pnictide compounds soo0r F— T
namely CaFe,As,, BaFe,As, and SrFe As,. We 00 b :
will show how does transition temperature depend
on the set of parameters J , J,., J, J, Jp and spin =) 600 F .
anisotropy given by 1. For that purpose, we define E s
dimensionless parameters d —]]2 b= ;“’ :II—c P00 |
p= ]]—p since the J can be takeri as théa strongelsat 400 ]
one [16]. Figure 3 shows dependence of Neel
temperature on spin anisotropy parameter 1 for the A 3 S M N

following selection of model parameters: J, =50.0
meV, d=0.6, ¢=0.02, b=-0.2, p=0.001. Results are
presented for spin values S=1 and S=1/2.

1.00000001 1.0000001 1.000001 1.00001 1.0001

7

Figure 3. The transition temperature dependence on the
spin anisotropy parameter for spin values S=1/2 and S=1

Contemporary Materials, XllI-2 (2022)

199



Milos Adamovi¢, Milan Panti¢

pages: 195-203

As can be seen from two parts of Figure 3,
Neel temperature is an increasing function of the
spin anisotropy parameter 1, but with little change
for value of ) close to 1.0. Furthermore, we examine
dependence of transition temperature on other model
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parameters b, ¢, d, p and J, at some value of spin
anisotropy. In other words we investigate how does
Neel temperature depend on exchange integrals J,,
S I J0s Jp. Figure 4 shows dependence of transition
temperature on the model exchange integrals.
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Figure 4. Dependence of Neel temperature on J, for n=1.001 and (top left) c=0.01, d=0.6, p=0.001 and b=-0.3, -0.2,-0.1,-
0.05,0.1,0.2, (top right) b=-0.2, d=0.6, p=0.001 and ¢=0.01,0.02,0.05,0.06,0.08,0.1, (bottom lefi) b=-0.2, c=0.01, p=0.001
and d=0.51,0.6,0.65,0.7,0.75,0.8 (bottom right) b=-0.2, c=0.01, d=0.6 and p=0.0001,0.0005,0.001,0.005,0.0, 0.1.

All these results are for S=1

From Figure 4 we see that that critical
temperature grows with the increase of J and other
exchange integrals values. Two dashed horizontal
lines in every part of Figure 4 cut the interval of
Neel temperature values from 140 K to 220 K in
which are the experimentally observed critical
temperatures of BaFe As,, SrFe As, and CaFe, As,
[11]. It is obvious that critical temperatures in that
interval can be obtained for small values of J  and

other corresponding parameters within our model.
If we take S=1/2 those values will be higher. On the
other hand, if we use parameters from other papers,
the transition temperatures that we obtain are
higher (>220 K) than the experimental measured
values [14-17,24-28]. Finally, we examine the Neel
temperature dependence on spin anisotropy for a
range of J,_values.
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Figure 5. Transition temperature as a function of exchange integral J, for different values
of n and b=-0.1, ¢=0.01, d=0.6, p=0.001: (left) S=1, (right) S=1/2

If we look at Figure 5 we can once again
conclude that Neel temperature grows with the
increase of J and m. Dashed horizontal lines
correspond to already mentioned temperature
interval. However, for the spin S=1/2 there is a
shift to higher values of J available to reproduce
the Neel temperature of three mentioned 122-type
compounds. With this we conclude the overview of
our numerical results.

4. CONCLUSION

In this paper, we have derived transition
temperature of the antiferromagnetic 122-type of
iron pnictides based on the effective J -J USSR
Heisenberg model on a bilayer with anisotropy and
for arbitrary spin. All the necessary calculations
were done by using Green’s functions method
within the random phase approximation. Numerical
calculations were done by using the analytical
expression for the transition temperature in order
to compare our results with some available data for
the 122-type of iron pnictides. Our results suggest
that spin anisotropy plays an important role in the
magnetic properties of these compounds. We have
given numerical results that are a map of sorts of the
parameter space of available and possible magnetic
interactions. In addition, overestimates of Neel
temperature for parameters available in other papers
might suggest that itinerant magnetism might play
some important role in completely understanding
the physical properties of iron pnictides. Results of

our analysis should, with the rest available data, be
helpful in better understanding the properties of 122-
type of iron pnictide materials.
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3ABUCHOCT ITPEJIASHE TEMIIEPATYPE O AHU3OTPOIINJE ¥Y
J,-J,-J -J, XAJ3BEHBEPTOBOM MOJEJTY CA TIPUMJEHOM HA 122 TUII

INHUKTUIA HA BA3U I'BOKBA

CasxeTak: Y IPeTX0JHOM IIEPHO.LY IIOKAa3aHO je 3Ha4ajHO HHTEPECOBAE 3a [IPOYYaBabe CYIepIPOBOIHUKA
Ha 0a3um rBokha Ha3BaHMX MHUKTHANMA. L[MJb OBOT pajna je ma monmpuHece 00JbeM pasyMeBamby MarHETHUX
ocobuna 122 kimace manktuaa reoxha. Kopucrumo anmsorpornnu J -J,-J A Xajzen6epros mozen. Kopumhen
je Metox crimHCKUX [ prHOBHX QyHKIMja ¥ TjabnMMKOBIEEBO] allpOKCUMAIII)HU CITydajHUX (ha3a Kako OMCMO
OZIPEAMII U3pa3 3a KPUTHYHY Temreparypy. Ha ocHOBy moOHjeHOr m3pasa 3a KPUTHYHY TEMIICparypy
pa3Marpamo HCHY 3aBUCHOCT Of CIIMHCKe aHu3orpomuje. [Topen Tora, ymopehyjemo pesynrare Hamer
MoOJIeJIa ca eKCHEePHMEHTAIHO JIOCTYIHHM IoJaluMa O KpUTHYHO] Temreparypu. JlomatHo, pa3Marpamo
BPEAHOCTH KPUTHYHE TEMIIEpaType J00HjeHe HAIllUM MOJIeJIoM KopucTehH HHTEepaKIuje U3MEHe U3 APYTuX
panoBa. Pesynraru koje cMO HpeICTaBWIN OBJie Tpebasio Ou Jia 1ajy JONPUHOC pa3yMeBamby MarHeTHUX
ocobuHa 122 kiace cyneprnpoBOJIHUKA Ha 0a3u rBoxkha.

Kibyune peunm: Henosa temmeparypa, CHMHCKa aHM30TPOIMja, NHHUKTUAM TBOXkDa, aHM30TPOIHU
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