Orissa Journal of Physics © Orissa Physical Society Vol. 24, No.1

February 2017
ISSN 0974-8202
pp. 53-60

Microscopic Model Study of the Role of Second
Nearest Neighbour Spin-Spin Interaction in CMR
Manganites

D D SAHOO!, S PANDA?" and G C ROUT?

Dept. of Physics, Mahanga Puspagiri Mahavidyalaya, Erakana, Cuttack-754206, India.
%Dept. of Physics, Trident Academy of Technology, Bhubaneswar-751024, India.
3Condensed Matter Physics Group, Physics Enclave, Plot No-664/4825, Lane 4A,
Shree Vihar, Bhubaneswar-751031, India.

Email:gcr@iopb.res.in,Moh:09937981694

Corresponding author. Email Id: saswatip7@ gmail.com

Received: 2.11.2016 ; Revised : 30.11.2016 ;  Accepted :31.12.2016

Abstract: We report here a model study showing the effect of second nearest neighbour Heisenberg
interaction on the interplay of the transverse spin fluctuation and band Jahn-Teller (JT) distortion.
We have considered a double exchange (DE) model for an antiferromagnetically ordered
manganite in the presence of JT interaction as an extra mechanism. The Hamiltonian is solved
using Zubarev’s Green’s function technique to calculate the magnetic order parameters and lattice
strain. The gap equations are solved numerically and self-consistently and the effect of first and
second nearest neighbour Heisenberg interaction on the interplay of these order parameters is
studied. Further conduction band electron density of states near Fermi level is studied. The results
are in good agreement with experimental results.
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1. Introduction

Transition metal oxides such as hole doped rare earth manganites of general
formula R, AMnNO; (R-rare earth ion and A-alkaline earth ion) exhibit many
fascinating properties and phenomena due to the presence of a variety of
electronic orders with spatially correlated charge, spin and orbital arrangements.
After the discovery of colossal magneto resistive (CMR) property in Lays Cays
MnO; thin film at 77K and 6T [1], study of rare-earth manganites has attracted
scientists. The manganese ion is in a +3 state in the undoped rare-earth manganite
(RMnOs), whereas manganese ion in hole doped mangenites (R1xAMnOs) is
found in a mixed valence state ((1-x) of Mn** and x of Mn*" states). The rich
phase diagram of manganese oxides is mainly due to this mixed-valent
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characteristic of Mn-ion. The CMR manganites exhibit spin, lattice and orbital
orderings [2].

The undoped manganites show A-type antiferromagnetic (AFM) spin order
which is accompanied by the orbital order (OO). The orbital ordering is strongly
associated with lattice distortion due to the Jahn-Teller (JT) effect. In presence of
JT active Mn* ions, the local MnOg octahedra are elongated and shortened
alternatively in the ab-plane and hence the doubly degenerate e orbitals split to
produce c-type orbital ordering. The JT distortion along with OO gives rise to
ferromagnetism (FM) in the plane and AFM between the planes at low
temperatures. As the hopping strength of electrons between the nearest neighbour
(NN ) Mn ions is reduced for strong octahedral tilting, the possibility of hopping
of electrons among the next nearest neighbour (NNN) Mn sites increases. Now
both NN and NNN interactions play a role in stabilizing the magnetic structure.

Theoretical study of orthorhombic manganites by Kim & Min [3] suggests
that the t,, hopping is essential for describing NN and NNN super exchange
interaction and determining the sign of NNN coupling. They have found out that
both J, & Jp are positive. Microscopic model study and phase diagram of
multiferroic perovskite manganites [4] shows that the strength of NN and NNN
coupling are comparable and the NNN coupling plays a vital role in determining
the magnetic properties. Further, the transport properties of manganites depend
on the e4 electron density of states (DOS). Presence of a pseudo gap (PG) of
energy 2A is observed in scanning tunneling microscopy study (STS) near Fermi
level with finite DOS for Lag;PbgosMnO; system [5]. This PG is associated with
localization of charges due to JT distortion. Similar PG is observed near the
Fermi level spectrum of PrysSrosMnOs in resontent photoemission spectroscopy
(RPES) study [6]. In the theoretical study of CMR Manganites using cluster
dynamic mean-field theory [7] and Monte - carlo simulation [8], the PG is
observed near Fermi level. The electron DOS for ferromagnetically ordered JT
active CMR manganites in presence of hybridization between e, and t,4 electrons
[9], the DE model [10] and the charge ordered (CO) CMR manganites with AFM
ordering [11] is studied by using Zubarev’s Green’s function technique.

In the present communication, we study the effect of second nearest
neighbour Heisenberg interaction theoretically for the antiferromagnetically
ordered manganites in presence of band JT distortion in the conduction band and
double exchange (DE) interaction between the e4 and t,q electron spins. Further
we study the effect of NNN Heisenberg coupling on the e, electron DOS. The

54 Orissa Journal of Physics, Vol. 24, No.1, February 2017



Microscopic Model Study of the Role....

formalism is described in section 2 and the results and discussion are presented in
section 3 and finally the conclusion is given in section 4.

2. Formalism

The Kubo-Ohata type [12] double exchange spin interaction and the
Heisenberg type spin-spin interaction in core electrons are considered  within
mean-field approximation. The orbital ordering due to Jahn-Teller distortion
splits the g4 electron bands into two for two orbitals a = 1,2. Based on our
earlier model [13] the total mean-field Hamiltonian for the Manganite system is
written as

t 1 d o ot
H = 60(,](,0' Ca,k,o'ca’,k,a - Z]DE <S> Ca,k,a'ca’,k,—cf

a.k,o ak,o
T t 1,
= D ondl i + ) €agdf dig+5Ce 6
k,o k0

Here
€as= ) (6= (~1)%Ge—u—Bo
ak,o

with the conduction band dispersion energy, €, = —2t1(coskx +cosky) —
4t,coskycosk,, , t; and t, being the first and second nearest neighbour hopping
integrals. G is the static band JT coupling strength. @ = 1,2 for the two JT split
bands. The chemical potential and external magnetic field are represented by
and B (= Beytpgy) respectively. The value of g=+1 for up-spin and -1 for
down-spin electrons. The second term in the Hamiltonian represents Kuboo-
Ohata [12] type double exchange (DE) interaction among the on-site spins of e,
and ty; band electrons. Jpe is the DE coupling constant and < S¢ > represents
average transverse spin fluctuation in tyy band electrons. In the third term
JpH :%(]DE < s¢ > 4]y < §%>), where Jy is the strength of Heisenberg
interaction among the intersite spins of same core band. Due to double exchange
interaction AFM is induced in conduction band and the induced AFM spin
fluctuation is represented by < s¢ >. We have considered both NN and NNN
interaction among the core spins and hence Heigenberg coupling is written as
Ju = J1(cosk, +cosk,) + 2],cosk,cosk,. The Kinetic energy of core electrons
is given in fourth term of equation (1) with €5, = €4 — Bo, €4 being the
position of core level with respect to Fermi level. The terms C,I'U(Ck_(,) and

dz,a(dk_a) represent creation (annihilation) operators of ey and t,y band electrons
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respectively. The last term represents the lattice energy with lattice constant C
and lattice strain e in conduction band. The model Hamiltonian is solved using
Zubarev’s Green’s function technique [14] and the coupled Green’s functions for
eq and t,q electrons are calculated. From the correlation functions obtained, the
magnetic order parameters and lattice strain are calculated. The lattice strain is
defined as

-G
=2 ) (-7, @

where ﬁg,k,a=%[f(ﬁw1,a,a)+f(ﬁw2,w)] is the average e, electron
occupation number with quasiparticle energy of e, electrons w;q, =
€Eako -(—1)! ]DTE < §9> | i=1,2. The induced average transverse spin fluctuation
in conduction band

_ t
<s¢>= Za,k,a < Ca,k,o' Ca,k,—a >

1
== 5 ) [fBoras) ~ fBorao)] 3)

a,k,o

and the average transverse spin fluctuation in core t,4 band

<st>=Y <dl d_,>= —% [f(Bws) = f(Bwa)] (4)
k,o k,o
where the core electron quasiparticle energies are , ws4 = €44 £ /py. The
physical parameters are scaled with respect to the nearest neighbour hopping
integral t;=0.25eV =2500K. The reduced parameters are NNN hopping integral

ty
tz = t_,
1

_ JpE

DE coupling g, = ==, static JT coupling gzti,the to,y NN-AFM spin
1

=7
coupling g1 :i—i , the t,3 NNN-AFM spin coupling g, =i—i , reduced lattice

[ K,r
constant ¢; = = reduced temperature t = ti reduced band energy w =t2 ,
1 1 1

reduced chemical potential u,,, = tﬁ and spectral width ee =t1 :
1 1

3. Results and Discussion

The orbital ordering (OO) and spin ordering (SO) gap equations given in
equations (2), (3) and (4) are solved numerically and self-consistently. For a set
of constant coupling parameters, the static JT coupling, g = 0.2305, the DE
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coupling g; =0.5, the NNN hopping integral t, = 1.75, the NN Heisenberg
coupling gs;= 0.68 and the NNN Heisenberg coupling gs,= 0.475, the temperature
dependent lattice strain (e), average transverse spin fluctuation in core band <S>
and induced transverse spin fluctuation in conduction band <s®> are plotted in
figure 1 (solid line). The temperature dependent <S> graph exhibits mean- field
like behaviour with AFM transition temperature at ty = 0.06 (Ty 22150K). The
induced AFM spin fluctuation <s°> also exhibits similar behaviour as that of
<S> with the same Neel temperature. The temperature dependent lattice strain
(e) produced in the 4 band due to the lattice distortion in presence of static band
JT distortion should also exhibit mean-field like behavior. As seen from figure 1,
the strain is suppressed slightly from the mean-field nature in the spin ordering
temperature region (t < ty) and the mean-field nature persists above ty.
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Figure- 1 Figure-2

Fig. 1. Self-consistency plot of temperature dependent of e, <s®> and <S%> for fixed
values of @,=0.5, g=0.2305, g:»=0.475, ¢,=0.01, t,=1.75 and different values gs;=0.68,
0.75, 0.85. Fig. 2. Self-consistency plot of temperature dependent of e, <s®> and <S®> for
fixed values of ¢=0.2305, g,=0.5, ¢,=0.68, ¢,=0.01, t,=1.75 and different values
gs2=0.475, 0.600, 0.680.

The OO transition temperature is set at tog = 0.0775 (T 2 194K). There are
experimental evidences where Ty< Tq, for rare-earth manganites. For example,
Too = 204K and Ty = 178K for Lag,CapgMnO; system [15] and T=:230K and
Tn2152K for Lag,sCag7sMnOs [16]. As the value of g is increased from 0.68 to
0.75 keeping other parameters constant, the AFM spin fluctuations in t,q and e,
band are enhanced throughout the temperature range as well as the Neel
temperature is increased from 0.06 to 0.068. Increase of the magnetic ordering in
the ey band suppresses the orbital ordering in the interplay temperature region.
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This is reflected by suppression of lattice strain (e) up to t=0.068 (shown by
dotted line). Outside the interplay region the lattice strain is not altered. The OO
temperature also remains unchanged. As the value of g is further increased to
0.85, the Neel temperature increases to 0.084. In this case, the value of e is
suppressed throughout the temperature range as well as the t,, is shifted to a
lower value showing a strong interplay between the magnetic and orbital
ordering.

The effect of NNN coupling (gs;) on the interplay of e, <s®> and <s°> is
studied keeping the NN coupling (gs1) constant at 0.68, which is shown in figure
2. With increase of g5, from 0.475 to 0.68, the AFM order parameters <s*> and
<s®> increase. This increase in spin ordering is more near AFM transition
temperature and less at lower temperatures. Also the Neel temperature is
increased from 0.06 to 0.08. The involvement of more and more eq4spins in AFM
ordering decreases the lattice strain (e) in the interplay region. For gs=0.68,
where ty>1,,, the OO temperature also lowers down. As observed from our model
study, the NN and NNN coupling parameters are comparable with each other. So
we cannot ignore the effect of second nearest neighbor interaction. Similar results
are obtained in the microscopic model study of multiferroic manganites [4].

DOS
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Figure- 3 Figure-4

Fig. 3. The plot of density of states (DOS) versus band energy (w) for different values
t=0.09, 0.07, 0.05, and fixed values of gs,=0.475, g=0.2305, g;=0.5, ee=0.015,u,,=0.57.
Fig. 4. The plot of density states (DOS) versus band energy (w) for different values
0s2=0.475, 0.680 and fixed values of g=0.2305, g,=0.5, ee=0.015, u,,=0.57.

We have calculated the e, electron density of states (DOS) from the
imaginary part of the eq electron Green’s function G4(e, k,w) using the formula
DOS=-2mn Im Gi(a,k,w + in), where 1 is the small spectral width. Figure 3.
shows the variation of ey electron DOS with respect to band energy at different
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temperatures. At a higher temperature t = 0.09, in the paramagnetic (PM) phase,
in absence of orbital ordering (<S®>= 0 and e = 0), a single peak is obtained at w
= 0 (at Fermi energy). The peak like structure appears at w=0 due to the small
spectral width. As the temperature is lowered down to t = 0. 07, where only the
orbital ordered state is present and the AFM spin ordering is absent (<S*>= 0),
the DOS peak obtained near Fermi level splits into two with a U-shaped energy
gap. This splitting of the peak is associated with orbital ordering. The U-shaped
insulating gap observed near Fermi level is due to the JT distortion. The energy
gap between the two peaks 220.13, which is approximately same as JT energy gap
(2ge=2%0.2305%0.2975=0.137). Though there is a dip produced in the electron
DOS near Fermi level, the DOS of g4 state is not equal to zero. Such parabolic
gaps are observed in the STS study of Lag;PbosMnO; due to JT distortion [5]
and RPES study of PrysSrosMnO; due to charge ordering [6]. Similar PG is
observed near Fermi level in theoretical electron DOS study for manganites [7,8].
When we go to a still lower temperature t = 0. 05, in the co-existing phase of
orbital ordering and spin ordering (e = 0.5046 and <S%>= 0.1152), each of the
two JT split peaks further split into two because of spin ordering. The four peaks

are obtained at energies J_r(ge+% 0:<S%>) = +0.14511 and *(ge -%gl<sd>) =
+0.08751. The authors have reported that they could not observe multiple peak

structures in STS experiments due to lack of unavailability of high resolving
power photoemission spectroscopes [5].

The effect of second nearest neighbour interaction on the e electron DOS is
shown in figure 4. The DOS plots are drawn at a temperature t = 0.05, in the co —
existing phase of OO and SO for two different values of NNN coupling g5,=0.475
and 0.680. It is observed that as the value of g, increases from 0.475 to 0.68,
both the inner and outer peaks come closer to each other. Further the increase in
spectral height and decrease in the gap between the inner peaks indicates an
increase in electron DOS near Fermi level. The combined gap due to both OO

and SO (2(ge +§ 0:<S%>)), which is the energy difference between the two outer

gaps, also decreases indicating increase of metallic behavior of the system. An
increase in NNN hopping leads to a decrease in JT distortion in orthorhombic
perovskite manganites [3].

4. Conclusion

In the microscopic model study of JT active antiferromagnetically ordered
manganite systems in presence of DE interaction, we find out that the second
nearest neighbour interaction plays a vital role in the interplay of AFM order and
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lattice strain. We observe a parabolic PG near Fermi level in the e4electron DOS
which is associated with the JT insulating gap. Such PG are observed in the
experimental studies of Lag7PbysMnQO;3 [5] and PrysSrosMnO; [6] systems.

References

[1] S Jin, TH Tiefel, MM Cormarck, RA Fastnacht, R Ramesh and LH Chen,
Science, 264, 4139 (1994)

[2] PK. Siwach, HK Singh, ON Srivastava, J. Phys.: Condens. Matter 20,
273201 (2008)

[3] BH Kim and BI Min, phys Rev. B, 80, 064416 (2009)
[4] M Mochizneki and N Furukawa, Phys, Rev B, 80, 134416 (2009)

[5] A Biswas, S Elizabeth, AK Raychoudhury and HL Bhat, Phys, Rev. B, 59,
5368 (1999)

[6] P Pal, MK Dalai, BR Sekhar, | Ulfat, M Merz, P Nagel and S Schuppler,
Physica B, 406, 3519 (2011)

[7] C Linand AJ Millis, Phys. Rev. B, 79, 205109 (2009)

[8] R Yu, S Dong, C Sen, G Alvarez and E Dagotto, Phys. Rev. B, 77, 214434,
(2008)

[91 G C Rout, N Parhi and SN Behera, Physica B, 404, 2315, (2009)

[10] S Panda and GC Rout, Bulletin of Orissa Physical Society, 14, 95 (2007)
[11] S Panda, JK Kar and GC Rout, Mat. Res. Express, 3, 09614 (2016)

[12] K Kubo, N Ohata, J Phys. Soc. Japan, 33, 21 (1972)

[13] S Panda, N Santi, DD Sahoo and GC Rout, AIP Conf. Proc. (In Press)
(2017)

[14] DN Zubarev, Sov. Phy. Usp, 3, 320, (1960)

[15] V Markovich, J Wieckowski, M Gutowska, A Szewczyk, A Wisniewski, C
Martin and G Gorodetsky, J. Appl. Phys., 107, 063907 (2010)

[16] RK Zheng, AN Tang, Y Yang, W Wang, G Li, XG Li and HC Ku, J. Appl.
Phys, 94, 514 (2003)

60 Orissa Journal of Physics, Vol. 24, No.1, February 2017



