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Orbital mixing and ferromagnetism in LaMn,_,Ga, O;
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The competition between the quadratic term in a Jahn-Teller vibronic interaction and the structural bias in an
orthorhombic perovskite induces orbital mixing. We show that orbital mixing rather than Jahn-Teller fluctua-
tions is responsible for the ferromagnetism found in the perovskite system LaMn;_,Ga,O5;. We have also
verified the model by resolving the local structural distortion obtained from a recent neutron-diffraction study.
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Single-valent transition-metal perovskite oxides ABO;5 are
normally antiferromagnetic; three-dimensional (3D) ferro-
magnetic coupling is rarely seen except in the double perovs-
kites A,BB’'Og¢ in which the B-site cations are ordered. The
type-A antiferromagnetic order in the orthorhombic perov-
skite LaMnO; consists of ferromagnetic (001) planes
coupled antiferromagnetically along the ¢ axis. However,
a transition to 3D ferromagnetic order is found!? in
LaMn,_,Ga,O; for 0.4<x<0.6 even though the Ga** ion
does not change the Mn>*-ion valance. In order to understand
the spin-spin interactions responsible for a particular mag-
netic order, a structural study is always essential, especially
where local site distortions remove an orbital degeneracy,
which is the case with high-spin, octahedral-site Mn3*: ¢!
configurations. In LaMnOs, the local site distortions intrinsic
to the orthorhombic structure® bias ordering of the occupied
e! orbital of Mn’* into alternative bond axes of the (001)
planes to give the observed type-A antiferromagnetic order
as originally postulated.* A critical question is whether this
Jahn-Teller (JT) orbital ordering at the Mn®* ions is de-
stroyed in the ferromagnetic phase of LaMn;_,Ga,O5, which
would imply a 3D ferromagnetic coupling by cooperative JT
orbital fluctuations,! or whether local site distortions bias the
orbital ordering so as to make orbital mixing responsible for
the 3D ferromagnetism.

It is not possible to reveal the status of orbital ordering
by simply monitoring the change of lattice parameters.
In the orthorhombic perovskites RMO; (R=rare earth,
M =transition metals: Y, Sc, Al, In, or Ga), the orthorhombic
distortion can be measured by a strain parameter
S=2(b—a)/(b+a) that decreases continuously as the rare-
earth ionic radius (IR) increases. The onset of the octahedral-
site. 0,-Mn-O, bond angle to a<<90° at IR=1.11 A sup-
presses the S factor dramatically and even makes S<<0 in
some orthorhombic perovskites,’ e.g., in LaGaO;. The con-
tinuous solid solution between LaMnO; with S>0 and
LaGaO; with S<0 has S=0 for some compositions of
LaMn,;_,Ga,O5. The low-resolution x-ray diffraction data in
1961 led to the postulate' that the orbital degree of freedom
is released in this JT active system where S=0 holds. An
orbital degree of freedom was believed to be responsible for
the 3D ferromagnetic interaction. However, a recent experi-
mental result® shows that magnetic ordering between Mn3*
ions in LaMn(sGays05; collapses under a pressure P
=8 GPa where a phase transition to thombohedral symme-
try, which is incompatible with a cooperative JT distortion,
takes place. This key observation rules out the possibility
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that opening an orbital degree of freedom results in ferro-
magnetic coupling. How a 3D ferromagnetic coupling is pro-
duced in a phase with cooperative JT distortions remains an
open question. By taking into account the octahedral-site dis-
tortions resolved from a recent neutron diffraction study,7 we
show in this report that the ferromagnetic interaction in
LaMn;_,Ga,O; is caused by orbital mixing.
Ferromagnetism occurs in a relatively narrow range
of Ga doping, 04<x=0.6, in the phase diagram of
LaMn;_,Ga,O5; see Fig. 12 of Ref. 7. Figure 1 shows a
well-defined ferromagnetic transition from measurements of
the temperature dependence of magnetization and the iso-
thermal M-H loop at 5 K of a LaMn( sGa, 505 crystal. A
spin-only saturation moment achieved at 5 K under
H=5 T indicates a 3D ferromagnetic coupling that orders
spins collinearly. The M~!(T) of the paramagnetic phase fits
a Curie-Weiss law well. A positive Weiss constant means that
ferromagnetic coupling exists in the phase up to at least
room temperature, which allows us to study the origin of the
ferromagnetic interaction from the structural data obtained at
room temperature. The Mn-O bond lengths versus the Ga
content in LaMn;_,Ga,O5 taken from recent neutron diffrac-
tion data’ are reproduced in Fig. 2(a). The bond-length split-
ting between the three Mn-O bonds in orthorhombic
LaMnO; decreases as the Ga doping x increases and
becomes negligible for x>0.6. The M-O bond-length
splitting in the perovskite structure with Pbnm space group
can be caused by both the intrinsic structural distortion and
orbital ordering. In order to distinguish contributions from
these two sources, a polar plot of py=(Q3+Q3)"? and
¢=tan"'(Q;/Q,) (the angle opens anticlockwise from the Q,
axis) has been made for LaMn,_,Ga,O;, where the two
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FIG. 1. (a) Temperature dependence of magnetization under
5000 Oe and (b) the isothermal magnetization at 5 K of a
LaMn 5Ga 505 crystal.
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FIG. 2. (Color online) (a) The Ga doping dependence of the
Mn-O bond lengths of LaMn,_,Ga,O5 data are from Ref. 7; (b) the
polar plot of p0=(Q§+ Q%)“2 and ¢p=tan"'(Q3/Q,) [Q,=1,— [, and
Q3=(21,—1,— 1,)/\3], which are used to describe the octahedral-
site distortion in the perovskites LaMn;_,Ga O;.

orthorhombic distortion modes are defined as Q,=¢,—¢, and
0;=02¢,-€,~¢,)/ V3 with the definition of the axes and unit
cell given in Flg 3. The ¢, €, and €, are Mn-O bond lengths
along the respective bond axes. It should be noted that the
definition of O, and Q5 with long, medium, and short bond
lengths, which is widely used, may cause some problem
since M-O bond lengths can become crossed as is seen in
Fig. 2(a).

The description of the e electron in an MOg octahedron
can be made by the wave function ¥ with a combination of
orbitals [x*~y?) and |z>-r?) defined below in the Q,,05
space:

2=y =(32) (2 -y,

2= ) = 532322 - 1),

W(6) = cos(6/2)|2* = 1) + sin(6/2)|x* - y?)

where the angle 6 opens anticlockwise from the Q5 axis. The
fundamental reason why the angle dependence of ¥ is 6/2
instead of § was given by Sturge.® The wave function defined
above includes orbital orderings along major bond axes in an
orthorhombic MOy octahedron at special € angles:

W(0) =27 =), W(60)=y* 2%, W(120)=[y*~r?),

W(180) = [x2 - y?), W(240) = |x*> - 2), ¥(300) = |22 - x?).

For an octahedral-site distortion that has a 6 not falling at
these special angles, whether the distortion reflects an orbital
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FIG. 3. (Color online) Schematic drawing of orbitals in the cu-
bic unit cell of the perovskite structure. The octahedral-site rotation
in the orthorhombic perovskite is shown by the angle w.

mixing or is simply caused by a combination of the orbital
ordering with one of the special angles and the lattice ortho-
rhombic distortion has been confused for a long time.
Kanamori’ noticed the deviation from #=120° in LaMnOs;.
Unfortunately, he attributed a ¢=11° to the second cause.
This issue can be clarified if the magnitude of the intrinsic
structural distortion is determined precisely. As seen in Fig.
2(b), which maps out p, and ¢ for site 1 in Fig. 3 of
LaMn,_,Ga, O3, all ¢ fall between the special angles, but
close to 120° (it is close to 240° at site 3), and the magnitude
of the octahedral-site distortion measured by p, falls continu-
ously with increasing Ga doping x. The intrinsic structural
distortion seen in RFeO; shows an interesting evolution of
the site distortion as a function of the IR (Ref. 3); a maxi-
mum py=~0.04 A occurs at IR=1.11 A. The upper bound
for the intrinsic structural distortion is shown as a dashed
circle in the polar plot of Fig. 2(b). Only the p, for compo-
sitions x= 0.6 in LaMn,_,Ga,O; fall inside this circle. There-
fore, it is clear that the octahedral-site distortion in compo-
sitions with x<<0.6 reflects a contribution from a static JT
orbital mixing. The evolution of the orbital mixing as a func-
tion of the IR or geometric tolerance factor 7 is influenced by
the site structural bias effect as has been demonstrated by a
close comparison between a non-JT RFeO; family and a JT
active RMnOj; family.>!? The difference in p, between these
two families reflects the contribution from the JT orbital or-
dering in the RMnO; family; this difference is as high as an
order of magnitude. It should also be emphasized here that
there are no direct observations of orbital ordering and or-
bital mixing. The octahedral-site distortion we have dis-
cussed is compatible with orbital mixing. On the basis of our
thorough description of the octahedral-site distortion and the
justification for an orbital mixing, we are entitled to discuss
the magnetic interaction as a consequence of the orbital mix-
ing in LaMn,_,Ga,O;.

Figure 3 illustrates a schematic drawing of Mn** ions and
their orbitals in the LaMnOjs lattice. Since the octahedral-site
distortions of all members of LaMn,_,Ga,O5 have the angle
near 120° (240°), we choose to use the angle y=120°-6 as
defined in Fig. 2 and the corresponding wave function for
convenience:

V() = cos(y2)ly* = ) + sin(y/2)[* - )

As long as vy stays below 30°, ferromagnetic coupling in an
a-b plane due to the superexchange coupling between the
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FIG. 4. (Color online) (a) The angle dependence of the o-bond
superexchange interaction along the ¢ axis; (b) the angle in the
0,-03 plane for describing the octahedral-site distortion in
LaMn,_,Ga,O3. Data are from Ref. 7. Note that the bond-length
splitting falls in the same level as the error bars for x=0.6, which
makes the angle determination uncertain in that doping range.

occupied orbital on site 3 and an empty orbital on site 1
should not be altered significantly. Therefore, we focus on
whether the e-orbital magnetic coupling along the ¢ axis due
to an orbital mixing is ferromagnetic and whether it is large
enough to offset the antiferromagnetic coupling through the
7 bonding.

For a given angle 7y, wave functions of the occupied and
unoccupied states for Mn®* ions at sites 1 and 2 are listed in
Fig. 3. The ferromagnetic coupling between the occupied
state at site 1 and the unoccupied state at site 2 and vice
versa is obtained as

Jr=B[2 sin(y/2)cos(y/2)T?,

B={(z} - xi|H'|z3 - x3)[cos*(w/2) >}/ U,

where w is defined in Fig. 3, d is the averaged Mn-O bond
length, and U is the on-site correlation energy. The antifer-
romagnetic coupling between two occupied states at sites 1
and 2 is

Jar=B sin*(y/2).

The magnetic coupling between two unoccupied states at
sites 1 and 2 is negligible since the virtual charge transfer
involves the charge transfer gap A and U. Therefore, the
superexchange interaction through the o bond along the ¢
axis is

J? = Jp=Jap={[2 sin(y/2)cos(y/2)]* - sin*(y/2)}B.

As seen in the plot of J? as a function of y in Fig. 4, a
ferromagnetic J? is obtained for y>0. However, a J; >0
does not mean that a 3D ferromagnetic interaction is realized
since the isotropic antiferromagnetic interaction J” through
-O-1> must be overcome along the ¢ axis. In order to have
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the values of J™ and the y-independent J?, we have used the
experimental result of J,=J,,—J7,=1.67 meV (Ref. 11)
and an estimation of J./J,,~ 1/4 in LaMnO5 by Millis.'> We
also notice that there should not be much difference between
the two o-bond orbital overlap integrals (z7—x7|H'|z3—x3)
and (z}—x}|H'|x3~r3) and that J, should be dominated by
J7 in LaMnOs. Therefore, we obtained J.~0.4 meV
and B=(d,/d,)**J%,=2.4 meV, where d;=1.966 A and
d>=2.04 A denote the Mn-O bond lengths along the ¢ axis
and the averaged Mn-O bond length within the ab plane,
respectively. According to the plot of J? versus vy of Fig.
4(a), J.=J7—J7>0 would occur at y>24°, which just falls
between angles for the antiferromagnetic phase of x=0.4 and
the ferromagnetic phase of x=0.5 shown in Fig. 4(b). Al-
though this conclusion is made on the basis of some estima-
tion and approximation, it highlights the possibility that a 3D
ferromagnetic coupling can be achieved through orbital mix-
ing.

The vibronic e states of an isolated JT-active molecule are
degenerate in the Q,-05 plane; the e electrons move in the
so-called “Mexican hat” potential. The quadratic term of the
vibronic interaction converts the Mexican hat potential into
one with three wells at §=0°, 120°, and 240° (Ref. 13). The
structural bias effect in the perovskite with Pbnm space
group, which causes the site distortion as shown in RFeOj3
(Ref. 3), clearly removes the well at 6=0° and moves
the other two wells toward the Q, axis. It is very important
to identify the competition between the quadratic term of
the vibronic interaction and the structural bias effect in
a solid. The transition to 3D ferromagnetism found in
LaMn,;_,Ga,O; is a direct consequence of this competition.

Neutron-diffraction results only give an averaged bond
length and bond angle in this system with a mixture of JT
active Mn** ions and non-JT Ga** ions. The overall reduc-
tion of the JT distortion by substitution of Ga** has been
explained by an orbital ordering in which the Mn** ions
nearby Ga’* take W(0)=|z>-r?). This is the basis of an
orbital-flipping model proposed by Farrell and Gehring.'* Al-
though the orbital ordering places some occupied orbitals
along the c¢ axis in order to give rise to a ferromagnetic
coupling in this direction, the site distortion with #=0° is
incompatible with the structural bias in the orthorhombic
perovskites.

In conclusion, the ferromagnetism found in the
LaMn;_,Ga,O5 system has been rationalized with a model
that takes into account the orbital mixing due to the struc-
tural bias effect in the perovskite structure with Pbnm space
group. Predictions from the model match surprisingly well
the experimental neutron-diffraction data for LaMn,_,Ga,O5.
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