PHYSICAL REVIEW B 79, 174106 (2009)

Volume collapse in LaMnOj; studied using an anisotropic Potts model
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We have investigated the volume collapse occurring in LaMnOj; unit cell using the anisotropic Potts model
modified by two types of anisotropic interactions which has been used to study the behavior of the orbital-
ordering configurations with temperature. The bond lengths are related to the occupation of the orbits. We have
shown that the collapse is due to the change of Mn-O bonds as the temperature is raised through the transition.
These results are in good agreement with the recently published experimental results.
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I. INTRODUCTION

Transition-metal oxides comprise many fascinating prop-
erties and theoretical challenges that are connected with the
orbital degree of freedom which is present in ions like Mn3*
and V3*, for example, where the outer d electrons can choose
between different orbitals or linear combination of these. As
a consequence of strong local interactions (strong correla-
tions) the compounds LaMnO; and LaVO; are Mott insula-
tors and the orbital occupation and also its fluctuations
strongly influence the magnetic and other properties of these
systems.

LaMnOs;, in which Mn ions are Mn3*, has an antiferro-
magnetic insulating ground state. Mn>* ions in each MnOg
octahedra are in its t;ge; state. A cooperative Jahn-Teller (JT)
distortion removes the degeneracy of the e, orbital and sta-
bilizes dj,3_,2/d3,3_,2 orbitals which are ordered. The local
JT distortions around each Mn?* ion interact with each other
cooperatively and give rise to the observed long-range or-
bital ordering, see Fig. 1(a).

A complete understanding of the mechanism stabilizing
the observed order in the insulating mother compound
LaMnOs; is a prerequisite to fully understand the complex
interplay among the spin, charge, orbital, and lattice degrees
of freedom in the doped manganites. Hole-doped LaMnOs,
La,_,A . MnO; (A=Ca, Sr, and Ba), exhibits colossal magne-
toresistance and has attracted very much interest through the
last 50 years.? For this reason a large number of theoretical
investigations has already been undertaken on stoichiometric
LaMnOj itself.> LaMnO; crystallizes in the orthorhombic
space group Pbnm and undergoes a transition at Ty
~750 K from the Jahn-Teller-distorted orthorhombic phase
to a high-temperature orthorhombic phase which is nearly
cubic.* The low-temperature phase has three Mn-O bond
lengths called short (s), medium (m), and long (/). The
space group Pbnm remains the same in both phases, but the
distortion is nearly removed in the high-temperature phase.
The transition is accompanied by an orbital order-disorder
transition.

During their recent investigation Chatterji et al.® discov-
ered an unusual abrupt volume contraction at Tjp=~750 K.
The high-temperature phase just above Tyt has less volume
than the low-temperature phase. This volume contraction is
very rare in solid-solid structural phase transition. A well-
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known example is the volume contraction in Fe (Ref. 7) at
the bec-to-fcc (a-Fe to y-Fe) structural transition at 7,
=~ 1185 K. However, this volume contraction in Fe is due to
the transition from the relatively open bcc structure to the
closed-packed fcc structure. The volume contraction is
known at the melting transition in hydrogen-bonded hexago-
nal ice® and the covalent tetrahedrally bonded Si and Ge,’
and also in Bi, Ga, Ce, and Pu.®

Chatterji et al.® investigated the Jahn-Teller transition in
LaMnO; using high-temperature x ray and neutron diffrac-
tion on powder samples. They observed that the unit-cell
volume of LaMnOj; decreases with increasing temperature in
a narrow temperature range below 7} and then undergoes a
sudden collapse at Tjp. It was argued that this striking vol-
ume collapse is caused by the orbital order-disorder transi-
tion. In the orbitally ordered phase the packing of MnOgq
octahedra needs more space than in the disordered phase.

In another paper, Chatterji et al.'” obtained volume con-
traction in Ca-doped LaMnO; doped for x=0.025 and 0.075
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FIG. 1. (a) The orbital ordering in LaMnQOjs. It is antiferromag-
netic in the x-y plane and ferromagnetic along the Z direction, (b)
the three different Mn-O bonds /, m, and s (Ref. 5). The orthogonal
configuration has a long and short bond, the side-side (parallel)
configuration has two medium bonds. The bond lengths for the
parallel-orthogonal configuration, s’, have not been measured di-
rectly because this configuration does not occur in the ground state.
The solid circles represent oxygen.
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with temperature investigated by the same previous way.
Bozin et al.'! also obtained the volume contraction for the
same compound as function of doping range x=0.0 to 0.5 at
fixed T=550 K and as function of temperature at fixed dop-
ing x=0.0. They investigated their compound by advent of
high data throughput neutron powder diffractometers.

Sanchez et al.'> showed by means of x-ray absorption
near-edge structure and extended x-ray absorption fine struc-
ture at the Mn K edge that the structural transition originates
by the ordering of tetragonally distorted octahedra and they
obtained the change of entropy for the orbital-ordering tran-
sition at Tjp comparable with the entropy of the three-state
Potts model at high temperature'>~'> with nearest-neighbor
antiferrodistortive coupling. It is confirmed'® by using
neutron-diffraction data and a combined Rietveld and high
real-space resolution atomic-pair distribution function analy-
sis that the nature of the JT transition around Ty is to be
orbital order-disorder and the intermediate structure suggests
the presence of local-ordered clusters implying strong
nearest-neighbor JT antidistortive coupling.

Theoretically, Maitra et al.'” constructed a model Hamil-
tonian involving the pseudospin of Mn3* e, states, the stag-
gered JT distortion and the volume strain coordinate to study
the volume collapse of LaMnOj at the JT transition tempera-
ture. They also have shown that the anharmonic coupling
between these primary- and secondary-order parameters
leads to the first-order JT phase transition associated with a
comparatively large reduction of the unit-cell volume.

Millis'® derived a classical model, which was based on
previous work by Kanamori,” for the lattice distortions in
manganites. The model may be approximated either by an
antiferromagnetic xy model with a modest threefold aniso-
tropy or by a three-state Potts model with an antiferromag-
netic first-neighbor interaction and a weak second-neighbor
interaction. This differs from our model which deals only
with the nearest-neighbor interaction.

Because we have obtained good values for the entropy'®
above Tjr which agree very well with the experimental
results,'? we investigate further the physical quantities aris-
ing due to the orbital order-disorder in LaMnOs. We use the
theory of the anisotropic Potts model developed in our pre-
vious papers!®? to investigate the temperature dependence
of the lattice volume occurring in LaMnO;. The model pro-
posed for the disordered phase is an array of localized dis-
tortions with no long-range order. It is well known that the
phenomenological models such as pseudospin or Potts mod-
els are very useful to study order-disorder transitions. The
standard three-state Potts model alone does not have the cor-
rect orbital ordering for LaMnOj; as a possible ground state
but this arises naturally in the anisotropic model. Our earlier
paper'® showed that this phenomenological model gave the
correct ground state for the orbital ordering, and in this paper
we show that we also obtain good results for the volume
change in the LaMnOj; phase.

We explain the model in brief in Sec. II A and the Monte
Carlo (MC) simulation condition in Sec. II B. The results are
discussed in Sec. III and finally are concluded in Sec. IV.
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FIG. 2. (Color online) The types of the orbital interaction energy
used in our simulation. (a) J; is the head-to-head configuration, (b)
J, is the energy of two orbits in parallel, and (c) the interaction
energy of two different orbits is chosen to be zero.

II. METHODOLOGY
A. Model

A three-state Potts model in three dimensions allows for
the possibility that the Potts states and the space coordinates
are coupled. This arises physically where there is strong
Jahn-Teller coupling of an electronic doublet typically from
d electrons coupled to the two-dimensional lattice distortions
with strong unharmonic terms as discussed by Kanamori.’
This leads to three orbits which are used as the three states of
the Potts model,

v} = (322 = ) f(r),
vy =3y = )f(r),

|2y = (32° = P)f(r), (1)

where f(r) is a radial function and r*=x>+y*+z>

In such a model the interaction between orbits depends on
both the type of orbit and the direction of the bond between
them.?! The compound LaMnO; has orbital order of this
type, as seen in Fig. 1(a), and the interactions between the
orbits have been calculated.??>*

We define the anisotropic three-dimensional Potts model
in terms of two interactions, J; and J, indicated in Fig. 2.
The interaction J; is for two sites occupied by the same orbit
(a head-to-head configuration), and the interaction J, is when
the orbits are separated by a bond in one of the other direc-
tions (a side-to-side configuration).

The anisotropic three-state Potts model Eq. (2) on a
simple cubic lattice is given as

1
Hus=- =2 Ji(p;) 3y, 2)
Zip
where p;;=R;—R; is the bond distance between i and j sites.
The factor of 1/2 is included to correct for double counting.
These orbits, shown in Eq. (1), are found from the e

g
doublet for the case 6=0=* 27”
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0 0
|6) = cosE|3z2 -+ sin5|x2 -3, (3)

Experimentally? it is found that if the tetragonal axis is
along 7 direction, then, the staggered orbits are given by

E= Ocxp)> Where O, is closer to 77/2 than 277/3. We note that

t§> :cos;—7|3zz— r2>+sin?f|x2—y2>. (4)

This gives, when |-7) is used, %|2.7x2—0.7y2—212> which
has its main lobe along £ direction. Similarly, using [+7)
gives a state, %|2.7y2—0.7x2—2z2>, which has its main lobe
along ¥ direction. We use the states given in Eq. (1), our
phenomenological model because these allow us to use the
same states below T for any of the three possible Q vec-
tors, (110), (101), and (011), and also above Typ. If we start
our simulation from 7=0 we can choose a specific configu-
ration for the orbital-ordering ground state. If we start our
simulation from high temperature we obtain any of the three
possible configurations for the orbital-ordering ground state.
The symmetry is broken at 7~ so that the Monte Carlo simu-
lations give one of the possible ground states and not an
average of all of them.

B. Monte Carlo simulation

This model has been studied using MC simulations on 3d
finite lattices with periodic boundary conditions (with size L
where L=12) where J; is negative and J, is small and posi-
tive. Earlier!® we found that the values of J; and J, as 1.4
>|/,]>0.3 eV and J,~0.12 eV fitted the thermodynamic
properties. The theory depends only on the ratio J,/J;. Our
phase occurs within the range 0<|J,/J,|<0.5, where J,
=—1 (see phase 5 of our earlier work?’). In this simulation
we chose |/,/J;|=0.02 where the transition is stronger first
order. All our simulations have made use of the Metropolis
algorithm with averaging performed over from 10° to 10’
Monte Carlo steps per site. Results were obtained by either
cooling down from a high-temperature random configuration
as discussed by Banavar et al.?® or heating up from the
ground state. The results from the two procedures agree.

III. RESULTS AND DISCUSSION

In our previous work we have used the modified Potts
model to obtain the orbital ordering in LaMnO; and now in
this paper we study the volume collapse occurring due to the
orbital-order disordering in LaMnO;. The occupation of the
orbitals given in Eq. (1) on Mn neighboring sites affects the
Mn-Mn separation as shown in Fig. 2.

We obtained the occupations of the orbits from the Monte
Carlo simulation and hence the three probabilities for the
orbital configurations shown in Fig. 2.

The orbital ordering in the ground state of LaMnO; is
shown in Fig. 1(a). We now use the bond lengths to relate
these to the volume. The experimental4 values of [, m, and s
are the following: [=2.178 A, m=1.968 A, and s
=1.907 A. The two bonds which are between the two orbit-
als of the orthogonal configuration are long and short, /+s,
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between the two orbitals of the side-side configuration are
two mediums, 2m, and finally between the orbitals of the
parallel-orthogonal configuration are two shorts, 2s. The
separation between parallel orthogonal has not been mea-
sured experimentally. For separation 2s’ between parallel-
orthogonal bonds we assumed that s=s’.> We note that the
lengths of the short and medium bonds are quite similar
whereas the long bond is significantly longer. The lobe of the
Mn d orbital is pointing away from the oxygen in the short
bond of the orthogonal, the side-side and parallel-orthogonal
configurations.’ The bond lengths, short and medium, differ
slightly. We assume that this is because of the Coulomb re-
pulsion between the d orbitals in the side-side configuration
and so choose the bond length for the parallel orthogonal, s’,
to equal that of the short bond, s. The volume of the LaMnO;
unit cell in the ground state is given by

volume = (I + 5)(I + s)(m + m) = (1 + 5)*(2m). (5)

To calculate the LaMnOj lattice volume we do the follow-
ing. We calculate the probabilities to obtain each configura-
tion along each axis, then, multiply these probabilities in the
real bond lengths between the two orbitals of each configu-
ration. Along x axis we get the average of lattice edge length:

<ax(T)> = Pox(l + S) + P(S—S)V\_(zm) + P([,_O)X(ZS) (6)

and equivalently for the y and z axes. The volume of
LaMnO; unit cell is,

volume(7) = (a,(T)Xa,(T) Xa (T)). ()

These simulations start from the state shown in Fig. 1(a)
at low temperature, and the temperature is increased. The
probability for each configuration along x and y axes are
equal and above Tjr the three axes become equivalent at all
temperatures. Figure 3 shows the probabilities of the (a) or-
thogonal, (b) side-side, and (c) parallel-orthogonal configu-
rations along x, y, and z axes. There is a unit probability for
an orthogonal bond along x and y axes at 7=0 and this
probability falls with increasing temperature as shown in Fig.
3(a) which also shows that the probability for an orthogonal
bond along the z axis rises as the temperature increases. Fig-
ure 3(b) shows the equivalent result for the side-side con-
figuration which is the only one present along the z axis at
T=0. The parallel-orthogonal configuration is zero for all
axes at low temperature and increases with temperature with
different increase rate for the z axis from the x and y axes but
these probabilities remain small as shown in Fig. 3(c).

The average of the configurations probability is given by
double of probability along x axis plus probability along z
axis. There are almost no head-head bonds in any direction at
the temperature range studied here, this is what gives rise to
the reduced entropy at 7.

Figure 3(d) shows that the sum of decreasing rate of the
orthogonal configuration in x and y axes is equal to the in-
creasing rate of the orthogonal configuration in z axis so that
the total probability of the orthogonal configuration is almost
independent of temperatures. The decrease in the rate of the
probability of side-side configuration is bigger in z axis than
the increasing rate of the probability of the side-side in x and
y axes so that the total probability of side-side configuration
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FIG. 3. (Color online) (a) The probability of orthogonal configu-
ration along the three axes, (b) the probability of side-side configu-
ration along the three axes, (c) the probability of parallel-orthogonal
configuration along the three axes, and (d) the total probability
of each configuration as function of temperature. Note that net
side-side (2m) decreases and net para-orth (2s) increases. Hence,
volume change depends on (m—s) which is small. The plots are for
]1=—1 and Jz=002

decreases slowly with temperature as shown in Fig. 3(d).
Finally, because the probability of parallel orthogonal is in-
creasing in the three axes, the total probability is also in-
creasing.

The volume change, AV, which is obtained after we
subtract V(T) from V(T)p) of the unit cell of LaMnOs;, ob-
tained from Eq. (7) and which is plotted as a function of the
reduced temperature, T/Tyy, is shown in Fig. 4(a). It does
change slightly in the ordered phase, then it collapses dra-
matically at Tyr at the first-order transition. This result for the
volume collapse in LaMnOj at Tyy is in an agreement, within
the errors, with the experimental results® shown in Fig. 4(b).
Our AV,.o, is 1/4 of the volume of that defined in Chatter;ji,®
with very small error, where they included the lattice distor-
tions in their results and used a unit cell four times bigger
than our unit cell.
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FIG. 4. (a) Calculated temperature dependence of AV, of
LaMnOj; unit cell, where AVy...=V(T)-V(Tyr). The errors size is
smaller than the symbol size. The line is a guide to the eye. The plot
is for J;=-1 and J,=0.02 (b) measured temperature variation of the
unit-cell volume after subtraction of the base volume (this figure is
taken from Ref. 6).

IV. CONCLUSION

The Potts model with two anisotropic orbital interaction
types, J; and J, has produced the orbital-ordering phase
which occurs in LaMnOj; at specific values of J; and J,. It
was obtained also from the same model the internal energy
and specific heat for the same phase.?” The model also has
produced good results for the order parameter and values for
the entropy at orbital-ordering phase-transition temperature
Tyr confirmed by experiment.

In this paper, using the same model refined to include the
relation of the orbits to the bond lengths, we calculated the
volume change with the temperature that occurs at 7yt in
LaMnO; which has been studied by Chatterji et al.® It was
found that the volume of the LaMnOs; unit cell collapses
dramatically at Typ at the first-order transition. This model
showed that this is due to the decrease in number of the
medium Mn-O bonds and the corresponding increase in the
number of the short Mn-O bonds as the lattice is warmed
through Tjr. The theoretical volume which is calculated here
was found equal to 1/4 of the experimental volume where the
lattice distortion was considered in the experimental results
and a unit cell four times bigger than our unit cell was used.

The model needs more modifications to be able to calcu-
late the behavior of LaMnO; lattice distortion parameters
and in their results and used a unit cell four times bigger than
our unit cell Mn-O bond lengths with the temperature.
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