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Abstract. Doped rare-earth manganese oxides exhibit a rich phase diagram with a strong
interplay between lattice, charge, spin and orbital degrees of freedom. We report here a
tight binding model Hamiltonian consisting of AFM spin fluctuations in core band,
double exchange interactions among conduction and core band electron spins and charge
density wave interaction in the conduction band as an extra mechanism. The model
Hamiltonian is solved using Zubarev’s Green’s function technique. The effect of first and
second nearest neighbour interactions on thermal properties of manganite systems is
studied.
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1. Introduction

The perovskite manganese oxides have a general composition of Ry, Ay
MnQO;, where R and A are trivalent rare-earth and divalent alkaline earth ions
respectively. These materials have been actively investigated over the past
decades because of the colossal magnetoresistive (CMR) property [1] and its
potential applications in magnetic data storage devices, magnetic sensors and
spintronic devices. The manganese oxide compounds exhibit a complex phase
diagram having varieties of electronic, structural and magnetic phases with
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respect to doping concentration and temperature. These phase changes occur due
to strong interplay between the lattice, charge, spin and orbital degrees of
freedom. In the hole doped rare-earth manganites a thousand fold change in
resistivity is observed on application of external magnetic field at insulating
paramagnetic (PM) to conducting ferromagnetic (FM) transition temperature. For
each hole doping, an Mn** ion is substituted by an Mn*" ion. The presence of this
mixed valent states along with double exchange (DE) mechanism gives rise to all
the CMR phenomena observed in manganites. The DE mechanism was first
proposed by Zener [2] in 1951. He proposed that the ¢~ bonding orbitals on high
spin Mn*" ions is transferred to the empty o bonding orbitals on Mn** ions by
displacing electrons from the intermediate O* ions in a double exchange process:
Mn* to O* to Mn*. Hund’s interatomic exchange field would favour
displacement of electrons with spins that were parallel to those on acceptor Mn**
ions. This DE mechanism accounts for ferromagnetism and metallicity of the
perovskite La;, Sr, MnOs. The fully quantum mechanical approach of DE
interaction was proposed by Kubo and Ohata [3]. Using the s-d model
Hamiltonian, the resistance and magnetoresistance (MR) are studied within the
DE model at low temperatures. These calculations yield a metallic state above
and below the curie temperature. The DE models successfully explained the
observed CMR effect near Curie temperature T, qualitatively. But very low MR
and wrong T, were observed in comparison to the experimental values. So Millis
et. al. [4] have suggested that there must be some extra mechanisms. The
possible extra mechanisms are electron-phonon interaction, polaron, Jahn -Teller
distortion and charge ordering. Millis et al. [4] proposed a DE model including
electron- phonon coupling due to dynamic JT distortion. This leads to de-
localization of charges as small polarons above the Curie temperature. T, of such
models agree with experimental results. The effect of JT coupling in terms of
polarons and bipolarons was studied by Alexandrov et. al. [5]. The interaction of
polaronic carriers with localized spins gives rise to a novel ferromagnetic
transition along with collapse of carrier density. A highly anisotropic resistivity
and a first order CMR phenomenon with an MR of ~ 10000% are observed for a
two orbital DE model along with JT distortion [6]. Rout and co-workers have
studied temperature dependent resistivity and metal-insulator (MI) phase
transition considering JT distortion as an extra mechanism in presence of
hybridization interaction [7] and DE interation [8] among ey and tyy spins. As
Mn* and Mn*" ions sit at definite sites of the lattice, it leads to a super structure
known as charge ordering (CO). The charge density wave (CDW) produces a gap
and hence promotes an insulating phase. The doped carriers are ordered below
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the CO temperature (Tco) Which is usually associated with orbital ordering (OO)
and antiferromagnetism (AFM). The CO as an extra mechanism was first studied
by Rout et. al. [9-13] in DE model. They have considered interplay between FM
and CDW to explain the observed M-I transition and CMR effect near T, through
the study of temperature dependent magnetization [9], magnetic susceptibility
[10], Raman spectra [11] and velocity of sound [12]. In all these studies they
have got promising results. Further in the above model, they have included JT
distortion as the second extra mechanism and studied the interplay between
lattice, spin and charge degrees of freedom [13]. The ground state of manganese
oxide compounds is an antiferromagnetic insulator. On doping a phase transition
occurs from AFM to FM/PM. The FM phase is associated with metallicity.
Though there are several experimental evidences of AFM phase, but theoretical
study is not done extensively [1].

In the present communication we attempt here to study theoretically the role
of CDW interaction on the thermal properties of CMR manganites. We have
considered here the nearest neighbour and next nearest neighbour spin-spin
Heisenberg interactions in the core d- electron levels in presence of double
exchange interaction employed by Kubo and Ohata [3]. The DE and Heisenberg
spin interactions are considered within mean-field approximation and the total
Hamiltonian is solved by Zubarev’s Green’s function technique. The tight
binding model Hamiltonian with first and second nearest neighbour hopping
along with the calculation of mean-field parameters are presented in section 2.
The results and discussion are presented in section3 and finally the conclusion is
written in section 4.

2. The Model

The model Hamiltonian is written as

H = Z(Sk - /J - BO—)C;,GCK,O’ +Aczck+,ack+Q,0'
k,o k,o

=3>78% -5 =3, > 8-S +> (e, — Bo)d, 4, ,

i ij [ (1)
In the model Hamiltonian, we consider the kinetic energies of ey and t,, band
electrons, which are represented in first and last terms in the above equation.
Here the terms g , p, B, o and g4 represent the e, band dispersion energy,
chemical potential, external magnetic energy, electron spin and position of core
level with respect to Fermi level respectively. The second term represents the
CDW interaction with A, as the CDW gap and Q as the nesting wave vector.
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The third term represents the Kubo - Ohata [3] type DE interaction among the e
and t,q spins at same site with DE coupling strength (J). The Heisenberg type spin
exchange interaction in the core band with Heisenberg coupling constant Jy is
given in the fourth term. The spin interactions given in the third and fourth terms
in the Hamiltonian are treated within mean-field approximation. We have
considered both nearest neighbour (NN) and next nearest neighbour (NNN)
interactions in the ey electron hoppings and the core elctron spin interactions. As
a result, the ey electron band dispersion (&) and the effective Heisenberg coupling
appear as

&, =—2t (cosk, +cosk, ) —4t,(cosk, cosk,)
Jy =J4(cosk, +cosk,)+2J, cosk, cosk,

Further, transeverse spin fluctuation is considered in the Heisenberg interaction.
The mean-field Hamiltonian is solved using the Zubarev’s Green’s function
techique [14] and both core and conduction band electron Green’s functions are
calculated. From the electron correlation functions, the temperature dependent
average transverse spin fluctuation in t,q band (< s’ (1) >), eg band (< s° (t) >) and
the CDW gap parameters (A¢(t)) are calculated using the following definitions.

(S0 = TG0,

(s°(t)) = %g«:lﬁck,&

(A (1) = _ZV0<C:,GC k+Q,o—>
0
The detail calculation of Green’s functions, quasi particle energies (®;4) and
order parameters are discussed in detail in the reference [13]. The e4 electron
free energy per particle is written as F =—kBTZZIn[1+ exp(ﬂa);k)], where a)Lyk
iha ko
are the quasi particle energies [15]. The electron entropy (S), specific heat (C,)
and Linear specific heat coefficients are calculated from the free energy. The
order parameters given in equation (2) are solved numerically and self -
consistently. The results thus obtained are used to study the thermal properties.
All the physical parameters are made dimensionless after scaling with respect to
the NN hopping integral t;. The reduced parameters are : the CDW coupling g =
Vo N(0) /t, the DE coupling g, = J/t;, the NN Heisenberg coupling in t,; band

196 Orissa Journal of Physics, Vol. 23, No.2, August 2016



Tight binding study of the role of charge ordering....

0 = J1/ t; , the NNN Heisenberg coupling in t,q band g, = J,/ t; and the
reduced temperature t = kgT / t;.

3. Results and Discussion

In the present microscopic model study of the interplay of
antiferromagnetism (AFM) and charge ordering (CO), the transverse spin
fluctuaion (< S° () >) in core band and charge density wave (CDW) gap
parameter (z) are solved self-consistently and numerically. The interplay of spin
and charge degrees of freedom are studied by varying the nearest neighbour (NN)
and next nearest neighbour (NNN) Heisenberg couplings, CDW and DE
couplings in the study of AFM and CDW order parameters and temperature
dependent entropy. The results obtained are discussed.
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Fig.1. The temperature dependent self-consistency graphs of z, <S%>and, < s°> for
fixed values of g=1.08,g; =2.5, g1, = 6.72, g, = 0.25, and t, = 0.075. Inset: the

temperature dependent self-consistency graph of <s®>.

Figurel shows the temperature dependent self-consistency graphs of average
spin fluctuation in XY plane of core band (< S° (t) >), induced average transverse
spin fluctuation in conduction band (< s (t) >) and CDW gap (z) for a set of
constant parameters g = 1.08, g, = 2.5, g1, =6.72, g,, = 0.25 and t, = 0.075. The
CDW gap parameter (z) shows a mean-field like behaviour with CDW transition
temperature topw = 0.116 (Tepw =~ 290K). The AFM gap < S (t) > exhibits a first
order phase transition with Neel temperature of ty = 0.06 (Ty ~ 150K). A first
order phase transition is observed in AFM spin fluctuation in XY plane in the
experimental results for Ndoss Sross MnO;z system [16] and model study of
orbitally ordered manganites [17] . It is observed in several experiments that the
charge ordering transition temperature tcpw < ty . The charge ordering transition
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temperature and Neel temperature Tcpw =~ 230 K and Ty = 152K for Lag s Cag s
MnOs [18], Tco = 245K and Ty = 175K for Prgs Cags MnO;3 [19], Tepw = 235K
and Ty = 165k for Prggs Cagsy MNnOj3 [20] systems. The antiferromagnetism is
induced in conduction band due to the presence of DE interaction between the
core and conduction electron spins. The induced AFM spin fluctuation (< s° (t) >)
has also the same Neel temperature as that of < S? (t)> . Below ty, the < s° (t) >
increases and attains a maximum value at t= 0.05. On cooling down < s (t) >
decreases rapidly and at very low temperatures, it is suppressed completely ( see
inset of figure 2(a)). This may be due to the presence of robust charge ordering at
very low temperatures, as the charges get localized. Similar suppression in
magnetization is observed for Nd o5 Sros MnO3 [21].
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Fig.2(a). The temperature dependent self-consistency graphs of z, <S°> and < s°> for
fixed values of g = 1.08, g; = 2.5, g,, = 0.25, t, =0.075 and for different values of g;, =
6.72, 7.0, 7.72. Inset: the magnified temperature dependent self-consistency graph of <s°
> and z for different values of gi,. (b) The temperature dependent self-consistency graphs
of z, < S%> for fixed values of g=1.08,9; =25, 05, =6.72, and t, = 0.075 and for
different values of g,, = 0.15, 0.20, 0.25. Inset: the temperature dependent self-
consistency graph of <s°>and z.

When the NN Heisenberg coupling strength, g, is increased from 6.72 to 7.72,
the < S° (t) > is enhanced near the Neel temperatue and the Neel temperature is
also enhanced (figure 2(a)). At lower temperatures, the < S® (t) > decreases
slightly with increase of g, . Crossing of the < S®(t) > takes place at a
temperature, t =~ 0.035, where <s° (t)> is suppressed considerably. The < s° (t) >
does not show any variation with gi, at low temperatures. However, the NN spin
coupling g1, substantially enhances the magnitude of the < s° (t) > just near the
magnetic transition temperature (ty) where CMR effect in manganites is very
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large. A small suppression in the CDW gap is observed in the temperature range
where < s°(t) > increases. Outside of which z remains unaffected. This indicates a
strong interplay of charge and spin order parameters near the magnetic transition
temperature. This may explain the observed CMR effect just below ty . An
interesting but different result is obtained by varying the NNN Heisenberg
coupling g,, (see figure2(b)) . With increase of g,, from 0.15 to 0.25, the < S (t)
> increases at lower temperatures. As one comes towards Neel temperature, this
increase in < SY (f) > becomes less and just below ty the < S% (t) > remains
constant (figure 2(b)) and the Neel temperature remains unaltered. As seen from
temperature dependent < s° (t) > curve, the < s° (t) > also increases at lower
temperatures, without any change near Neel temperature. As there is a strong
competition between spin and charge orderings, the z decreases at lower
temperatures. No change is observed in z with increase of g, above ty, in the
paramagnetic phase. It is seen that the NN Heisenberg coupling, g, is greater
than the NNN Heisenberg coupling, g2.. Though g,, is small, its effect can not be
ignored. Both NN and NNN Heisenberg couplings are important in stabilizing the
magnetic order in manganites [22]. The effect of NN and NNN Heisenberg
couplings on the interplay of AFM and CO parameters is communicated [23].
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Fig. 3(a). The temperature dependent S for fixed values of g = 1.08, g; = 2.5, g =
0.25, t, = 0.075 and different values of g,, = 6.72, 7.0, 7.72. Inset: the magnified
temperature dependent S for different values of g;,. (b) Temperature dependent S for
fixed values of g = 1.08, g; = 2.5, gi, =6.72, t, = 0.075 and different values of g, =
0.15, 0.20, 0.25. Inset: the magnified temperature dependent S for different values of
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The figure 3(a) shows the plot of the temperature dependent entropy for
different NN Heisenberg coupling g:, = 6.72, 7.0, 7.72. It is observed that the
NN Heisenberg coupling has no effect on the entropy near charge ordering
temperature (tcpw). However, the entropy is suppressed with increase of NN
heisenberg coupling below the spin ordering temperature (ty) . Further, the
coupling g1, enhances the Neel temperature. With increase of g;, the jump in
entropy becomes smaller and smaller. Figure 3(b) shows the effect of NNN
Heisenberg coupling g., on entropy. The NNN Heisenberg coupling has no
effect on entropy for temperature range ty = 0.06 <t <tcpw = 0.116 and also on
charge ordering temperature. However the entropy is enhanced just below the
Neel temperature for different NNN spin couplings with enhanced entropy jump
near ty . This indicates that NNN spin coupling (g2,) plays a dominant role for
the occurence of CMR effect in manganites.
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Fig. 4(a). The temperature dependent self-consistency graphs of z, < S%> for fixed values of g =
1.08, g1, = 6.72, gy, = 0.25, t, = 0.075 and for different values of g; = 0.5, 1.5, 2.5 . Inset: the
temperature dependent self-consistency graph of < s®> and z for different values of g;. (b) The
temperature dependent S for fixed values of g = 1.08, g1, =6.72, g,, =0.25,t, =0.075 and for
different values of g; = 0.5, 1.5, 2.5. Inset: the temperature dependent S for different values of g;.
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Figure 4(a) shows the plot of induced AFM spin fluctuation (< s° (t) >) for
conduction electron which is computed by varying the DE coupling ( g; = 0.5,
1.5, 2.5). The induced < s° (t) > is enhanced with DE coupling near the Neel
temperature (see inset of figure 4(a)). While the charge ordering is suppressed in
the same temperature region exhibiting the interplay between charge ordering and
spin ordering. It is to note that the magnetoresistivity in manganite systems
appears near the magnetic ordering temperature. Figure 4(b) shows the plot of
entropy for different DE coupling, g; = 0.5, 1.5, 2.5. The entropy (S) gradually
increases from lower to higher temperatures, sharply increases to higher value
and then sharply drops at charge ordering temperature tcpw ~ 0.116. We observe
another sharp drop in entropy at magnetic ordering temperature, ty = 0.06. The
entropy is enhanced with increase of DE coupling just below the Neel
temperature. This may be related with increase of Linear specific heat coefficient
(Y') with increase of g;. Experimental findings give an increase of Y for different
manganite systems. For example Y = 4.2mJ/mole-K? for Layz Cy3 MNO; [24] and
Y = 9.3mJ/mole-K? for Lag,CosMnO; [25] systems.
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Fig. 5(a). The temperature dependent self-consistency graphs of z, < S%>, < s¢> for fixed values
of g, =25, g1, =6.72, 9o, = 0.25, t, = 0.075 and for different values of g = 1.08, 1.12. Inset: the
temperature dependent self-consistency graph of < s®> . (b) Temperature dependent S for fixed
values of g, = 2.5, g1, = 6.72, g, = 0.25, t, = 0.075 and for different values of g = 1.08, 1.12.
Inset: temperature dependent S for different values of g.

The effect of CDW coupling (g) on temperature dependent z, <S° (t) > and <
s® (t) > is shown in figure 5(a). Increase of CDW coupling (g) increases CDW gap
(z) throughout the temperature range as well as tcpw shifts towards higher
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temperature indicating involvement of more charges in the formation of CO state.
As charge gets localized due to charge ordering, the magnetic ordering decreases
with increase of g. This is reflected by suppression of < s° (t) > in the temperature
dependent < s° (t) > curve. As CO state is formed in conduction band, the
increase of g hardly affects spin fluctuation < S° (t) > in core band. Also the Neel
temperature remains unaltered. Suppression of < s° (t) > just below ty may lead to
CMR effect. The effect of g on temperature dependent entropy is shown in figure
5(b). Increase of g suppresses the entropy throughout the temperature range. The
entropy jump at tcpw corresponding to CDW transition shifts to a higher
temperature, while the magnetic jump at ty does not shift.
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Fig. 6(a). The temperature dependent self-consistency graphs of z, < S% > and < s° > for fixed
values of g = 1.08, g, = 2.5, g1, = 6.72, gy, = 0.25, and for different values of t, = 0.065, 0.075,
0.085. Inset: the temperature dependent self-consistency graph of < s®> for different values of t,.
(b) Temperature dependent S for fixed values of g = 1.08, g; = 2.5, g1, = 6.72, g, = 0.25 and
different values of t, = 0.065, 0.075, 0.085. Inset: temperature dependent S for different values of t,

We also have studied the effect of second nearest neighbour hopping
integral (t;) on temperature dependent z, < S% (t) > and < s° (t) > as shown in
figure 6(a). Increase of NNN hopping integral, t, increases the kinetic energy of
the itinerant ey electrons. So increase of t, suppresses CDW gap over the entire
temperature range in CO phase, as formation of CO phase favours localization of
charges. The AFM spin fluctuation < s° (t) > in the same ey band is enhanced
below the Neel temperature, without changing the transition temperature. The <
SY (t) > is not affected by variation of t, . Effect of t, on entropy is shown in
figure 6(b). The position of entropy jump at CDW transition shift towards lower
temperatures with increase of t, .The position of magnetic jump remains
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unchanged. But the entropy (S) increases just below and above ty with increase of
ts.

4. Conclusion

The calculations of induced c- electron spin fluctuation and the temperature
dependent entropy and linear specific heat coefficient are strongly depend on the
DE coupling, second nearest neighbour Heisenberg coupling and second nearest
neighbour electron hopping integral. This displays a strong interplay between
spin and charge orderings in manganite system, where CMR effect is prominent
near the magnetic transition temperature. In another tight binding model
calculation we have considered Jahn-Teller (as an extra mechanism of charge
ordering distortion) for manganite system and its role on spin ordering. The
calculations of spin fluctuation in core electrons and in e4 electrons, the lattice
strain as well as the specific heat shows that NN and NNN Heisenberg spin
coupling drastically changes both the magnitudes of lattice strain and spin
orderings as well as the magnetic and lattice distortion temperatures. Using this
model we have reported recently our studies on thermal properties like entropy
and specific heat [26], and the temperature dependent tunneling conductance
[27].
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