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Breakdown of magnetic order in Mott insulators with frustrated superexchange interaction
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Measurements of dc conductivity and ac magnetic susceptibility under pressure to 12 GPa as well as of the
crystal structure under pressure were made on antiferromagnetic LaMnO; and ferromagnetic LaMn sGa, 503
crystals. Collapse of magnetic ordering in both crystals has been found at a phase where the static Jahn-Teller
distortion is suppressed. These results resolve the question whether a spin-ordered phase will survive if the
orbital degree of freedom is released in an e orbital system, a topic of broad current interest.
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The colossal magnetoresistance effect and the multiferroic
effect found in manganites revive the interest in orbital phys-
ics tracking back to the 1950s when the tie between spin
ordering and the static orbital ordering had been worked
out.! However, whether the intersite spin-spin interactions
remain if orbitals keep fluctuating is still controversial. In
order to tackle this problem, the #3¢° (n=1,2) systems of the
orthorhombic perovskites LaTiO; and LaVO; have been
studied intensively recently>™ since they have the pseudocu-
bic structure and the orbital-lattice interaction is relatively
weak. In comparison with the 73¢° systems, the t;el system of
LaMnOs; has received almost no attention in this regard since
the strong orbital-lattice interaction causes a cooperative
Jahn-Teller (JT) ordering at 750 K (Ref. 6) and the type-A
antiferromagnetic (AF) ordering sets in at 140 K.” Strongly
biased by an intrinsic structural distortion,® the e orbitals are
ordered alternately along a and b axes within the basal plane,
which gives ferromagnetic coupling through the o bonding
e'-0-¢° competing with antiferromagnetic coupling via the 7
bonding #>-O-£>. It has been shown® from the evolutions of
Ty and the structural change as a function of the rare-earth
ionic size that the JT distortion, instead of the orbital overlap
integral, plays a dominant role in determining the strength of
the ¢!'-0-¢° interaction. Therefore, reducing the JT distortion
under pressure appears to contribute to an anomalously large
d In Ty/dP found in LaMnO; at P<2.5 GPa.'” As pressure
increases further, the system undergoes two pressure-induced
phase transitions; Raman spectra and a structural study under
pressure suggest that orbital ordering collapses at P
~ 18 GPa and the transport data show a metal-insulator tran-
sition at 32 GPa.!! These findings leave open the character of
any magnetic interaction for the orbitally disordered insula-
tor phase within 18 <P <32 GPa. The collapse of a coop-
erative JT (CJT) distortion at a pressure far below the critical
pressure for the localized to itinerant electronic transition
provides a chance for us to study whether the type-A mag-
netic order will give way to a ferromagnetic phase smoothly
in the insulator phase in the absence of a static JT distortion.
Moreover, as the metal-insulator transition is approached
from the Mott insulator side, there is also a long-standing
question whether the superexchange interaction evolves
smoothly until the phase boundary. We have shown in the
perovskite RNiO; that the perturbation formula of the super-
exchange interaction fails as the metal-insulator transition is
approached.'> By studying the magnetism in both type-A
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antiferromagnetic LaMnO; and ferromagnetic
LaMn, 5Ga, 505 under hydrostatic pressure, we show that
spin ordering does not survive when the e orbital ordering
collapses in a Mott insulator.

Both perovskite crystals LaMnO; and LaMnsGaj 505
were grown with an infrared-heating image furnace and their
thermoelectric power a>600 wV/K means nearly perfect
Mn?* in both crystals. Pieces cut from the same ingots have
been studied previously.!®!3 The magnetic transition tem-
peratures of these crystals match well with documented val-
ues. Pieces of these crystals were also pulverized into fine
powder for x-ray diffraction (XRD) study under high pres-
sure. The ac magnetic-susceptibility x(7) measurements un-
der pressure were carried out in a cubic module with sintered
diamond anvils in a 250 ton press. The crystal bars of 0.3
% 0.3X0.7 mm? located inside a primary-secondary coil
were placed inside a Teflon capsule 1.5 mm in diameter and
2.0 mm long filled with a mixture of Fluorinert F70 and F77
as the pressure medium. The XRD study under pressure was
performed with a diamond-anvil cell mounted on a closed-
cycle cryostat and a Rigaku x-ray generator having a fine
focus rotating anode. Diffraction data were collected on an
image plate and integrated as intensity versus 26 by the soft-
ware FIT2D. Lattice parameters were obtained through the
d-value refinement with the software JADE. Profile refine-
ment was made on the diffraction spectra under selected
pressures with the software FULLPROF.

To detect antiferromagnetic ordering by using the
primary-secondary-coil method is a challenging problem
when the coils are located in a pressure cell with P
>2 GPa. The type-A spin ordering in the LaMnOj; crystal
creates a spikelike anomaly at 7, under P<<2.5 GPa as
shown in Fig. 1(a), which is the same as reported in a pre-
vious high-pressure study.'” This anomalous peak broadens
at higher pressures. As an indicator of Ty, the peak of x(7T)
moves to higher temperatures as pressure increases. Ty ver-
sus P in this pressure range, shown in Fig. 1(d), tracks pri-
marily the extension of the curve obtained at P<2 GPa.!”
However, the relative magnitude of the peak at 7 shown in
Figs. 1(a) and 1(d) is no longer a constant. It reaches its
maximum at about P=8 GPa, then decreases gradually as
pressure increases further and falls into the noise level at the
highest pressure in this work. An increase under pressure in
the peak of x(7) can be attributed to (a) the change in the
coil-to-sample configuration and (b) a slight increase in the
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FIG. 1. (Color online) (a) The temperature dependence of ac
(704 Hz) magnetic susceptibility x(7) of LaMnO; under different
pressures. (b) The x-ray powder diffraction of LaMnO5 under dif-
ferent pressures. The peaks identified by small arrows are only al-
lowed in the orthorhombic phase. (c) The pressure dependence of
the lattice parameters of LaMnOs. Lines through data points are
guides to the eyes. (d) The pressure dependence of Néel tempera-
tures and the relative peak height at Ty of LaMnOj5. Question mark
at 11.2 GPa means that there is no clear magnetic signal above the
noise level of the x(7). Dashed lines stand for temperatures at
which the XRD was made.

driving current in the primary coil as the wire resistance
decreases under pressure. Neither of these factors can be
used to account for the signal reduction at P>8 GPa. The
gradual reduction in magnetic signal at Ty and its final van-
ishing at P=11.4 GPa may indicate a collapse of the mag-
netic phase. This pressure, however, is far below 18 GPa
where the cooperative orbital ordering collapses as suggested
from the previous report.'! It is important here to address two
critical issues before we elaborate further the implication of
this finding: (a) whether the magnetic phase truly collapses at
11 GPa or the signal from the crystal falls below the sensi-
tivity limit of the probe used and (b) whether there is a cor-
responding change in orbital ordering or a structural transi-
tion at 11 GPa. To this end, we turn to the structure study.

Neutron diffraction under pressure is ideal to reveal all
possible local distortions and therefore the orbital ordering.
Unfortunately, this work has not been carried out under P
>8 GPa.'* The assumption that the orbital ordering may
collapse at P.=18 GPa was made based on the extension to
higher pressure of the refinement of XRD under
P<5 GPa.'' A thorough analysis of x-ray diffraction as a
function of temperature and pressure in this work helps to
clarify how the JT distortion evolves under pressure.

In orthorhombic LaMnO; with Pbnm space group, the
cooperative octahedral-site tilting around the b axis leads to
the lattice parameter b>a. The orthorhombic strain factor
S=2(b—a)/(b+a) necessarily remains positive if MOg, oc-
tahedra are rigid. Although XRD does not pick up magnetic
superlattice peaks in the magnetically ordered phase, it can
be useful for detecting the magnetic transition if the lattice
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has corresponding changes on crossing 7 due to exchange
striction. As reported from neutron diffraction at ambient
pressure, the S factor of LaMnOjs in Fig. 2(a) shows a broad
maximum at Ty.'> We have used this relationship between
magnetic ordering and the orthorhombic strain factor to de-
termine to what pressure the type-A magnetic ordering per-
sists. Figure 2(b) shows XRD data from LaMnOj; at a tem-
perature near 7, under two pressures. The structure of
LaMnO; remains orthorhombic under 4.5 GPa, so that the
splitting A between the (202) and (022) peaks is proportional
to the S factor. Mapping out the peak splitting A versus tem-
perature in Fig. 2(a) clearly shows a broad maximum at the
temperature corresponding to 7Ty determined from magnetic
susceptibility under the same pressure. In contrast, the XRD
under 11.5 GPa shows a single peak in place of the (202) and
(022) peaks for the phase at lower pressure. The peak width
of this single peak exhibits no noticeable change with the
best resolution of our high-pressure XRD in the temperature
scan on crossing the possible 7. One may wonder whether
the type-A spin ordering converts to another AF phases at 11
GPa, so that the S factor no longer shows the same anomaly
as seen in the type-A magnetic phase. In order to verify this
possibility, we have investigated the resistivity under pres-
sure. The temperature dependence of the derivative
d1n p(T)/d(1/T), which generally shows an anomaly at the
magnetic transition temperature, is featureless for LaMnOj;
under 12 GPa. Therefore, all our measurements under pres-
sure of magnetic susceptibility, structural changes, and resis-
tivity point to a collapse of magnetic ordering in LaMnOj3
under 11 GPa.

The most visible structural change in LaMnO; under pres-
sure from XRD is that the (111) and (021) peaks of the Pbnm
phase in Fig. 1(b) lose strength gradually for P>8 GPa and
the S factor, Fig. 3, changes sign at about 9 GPa. As in other
orthorhombic perovskite oxides,'® LaCrO; and LaGaOs,
which will be discussed in more detail below, and SmNiO3
(Ref. 17) under pressure, the vanishing of these two peaks
and changing sign of the § factor are precursors of a first-
order phase transition to the rhombohedral phase R-3c. The
XRD data indicate a two-phase region near 11 GPa; the
phase at P>12 GPa can be refined with the rhombohedral
structure. The pressure dependence of the room-temperature
resistivity shows an anomaly near 10.5 GPa, which confirms
a phase transition. The rhombohedral symmetry is incompat-
ible with CJT distortion. As a matter of fact, the CJT does
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FIG. 2. (Color online) (a) Temperature dependence of the peak
splitting between (202) and (022) peaks for LaMnQOj; at 4.5 GPa and
S factor for the phase at ambient pressure (data for ambient pressure
are from Ref. 15). (b) (202) and (022) peaks of XRD and their
curve fitting from the orthorhombic LaMnQOs; circle symbol: 170 K
at 4.5 GPa and solid symbol: 190 K at 11.5 GPa.
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FIG. 3. (Color online) Pressure dependence of S factor for
La;_,Nd,GaO; (data are from Ref. 18), LaMnOj;, and
LaMnOAsGaO‘SO}

not collapse abruptly at 11 GPa but gradually reduces even in
the Pbnm phase under pressure. The evolution of the CJT as
a function of pressure can be derived from the pressure de-
pendence of the S factor. A recent high-pressure study'® of
La;_,Nd,GaO; provides the basis of how the orthorhombic
perovskite structure responds to hydrostatic pressure since it
has no mobile charge carriers or orbital degeneracy. More
importantly, since the Nd substitution changes the geometric
tolerance factor of the perovskite structure, the study in-
cludes the steric effect on the intrinsic orthorhombic distor-
tion as well as the pressure effect. The Pbnm space group
can have S=0 if the octahedral-site tilting goes to zero, but it
does not allow S <0 given rigid octahedra. With the software
spUDS,'? which is based on the bond-valence-sum rule and
rigid octahedra, the structural simulation gives S=18X 1073
for LaGaO; whereas S=-5.5X 1073 has been observed in
Fig. 3. The large difference between the calculated and ob-
served S is due to a reduction from 90° of the O-M-O bond
angle a subtending the b axis within an octahedral site.?
This correction becomes smaller as the RMO; perovskite
tolerance factor = (R-0O)/ /2(M-O) decreases. The increase
in S as R changes from La to Nd shown in Fig. 3 reflects a
combination of a reduced « angle correction and an in-
creased orthorhombic distortion. From Fig. 3, it is clear that
pressure turns S from a positive value toward a negative
value or enlarges a negative S in the whole series
La;_,Nd,GaOs. It is important to note that the pressure de-
pendences of S for all members of the system La;_,Nd ,GaO;
are nearly identical. Since S<<0 is not allowed in the Pbnm
structure with rigid octahedra, the pressure effect on these
insulators, which does not depend on the ¢ factor, is primarily
to reduce the angle a. However, the magnitude of the «
correction to S depends on the ¢ factor. Now we turn to
orthorhombic LaMnOs. The calculation with SPUDS gives S
=24 X 1073 for the rigid LaMnO; lattice without a JT distor-
tion. The correction due to & <0 makes S of this compound
happen to be nearly the same as that of Lag;3Nd 4,GaOs5.
The pressure dependence of S for LaMnOj; without a JT
distortion was obtained as follows: we first fit S versus P of
La;_,Nd,GaO; with a polynomial formula and then scaled it

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 78, 220402(R) (2008)

a b, h ey
550 . 1132
£ 131
-g ’aHex (A)
= 5.45 -15.46
—15.44
T =542
0 60 -
o =
=) =20 5
z 40 =
= &
g ] | =
= 20 10 E
: . 0 : 4 o
e l229 (J:g,eg 8 Prsessure (lC(‘u]Pa) 15
FIG. 4. (Color online) The same as Fig. 1 for
LaMnO'SGao_SO}

by Sy of LaMnO; without a JT distortion at ambient pressure.
For a reason which is still unclear, the JT distortion enhances
S of LaMnOs significantly as is shown by data points in Fig.
3, and pressure reduces S in a much steeper slope than that
by just enlarging the « correction. At the same pressure
where the observed § approaches the line expected for
LaMnO; without a JT distortion, the magnetically ordered
phase collapses.

Ga®* substitution in LaMn,_,Ga,O5 converts the type-A
antiferromagnetic order in LaMnQOj into ferromagnetic order
for compositions 0.5=<x=0.6.'32! An orbital ordering with a
mixture of two e orbitals has been proven to be the origin of
the ferromagnetic interaction in the orthorhombic
LaMn,_,Ga,05.2> The same measurements as in Fig. 1 for
antiferromagnetic LaMnOj; have been carried out on the fer-
romagnetic LaMn 5Ga, sO5 in Fig. 4. Like most ferromag-
nets, Fig. 4(a) shows that pressure suppresses 7T, in
LaMn, sGa, 5s05. The peak height of x(T) at T. in Fig. 4(d)
increases at lower pressures and vanishes at the phase bound-
ary of the orthorhombic to rhombohedral phase transition in
exactly the same way as in AF LaMnO;. However, the struc-
tural transition to the rhombohedral phase in Figs. 4(b) and
4(c) occurs at a relatively lower pressure since the compound
has a smaller orthorhombic distortion at ambient pressure. A
very clean, strong signal of the ac susceptibility in Fig. 4(a)
leaves no doubt that the ferromagnetic ordering in
LaMn sGay 505 is suppressed at P> 10 GPa. A recent high-
pressure study?? of LaMn,_,Ga,O; with synchrotron radia-
tion shows a transition at 9 GPa to the phase with higher
symmetry in compositions with low Ga doping and con-
firmed the transition to R-3c¢ at 8 GPa for the composition
x=0.5.

One may argue that the type-A antiferromagnetic ordering
in the orthorhombic phase of LaMnO; is suppressed by a
competition between an antiferromagnetic interaction
through 7-O-t coupling and a ferromagnetic interaction
through the e-O-e coupling that is greatly enhanced in the
rhombohedral phase. This scenario, however, fails to explain
why the ferromagnetism in the  orthorhombic
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LaMn, sGay 505 phase also collapses at the O-R phase
boundary if the ferromagnetic interaction is enhanced in the
R-3c phase. We are left with the solution that superexchange
interactions in an orbitally degenerate e orbital system do not
give a spin-ordered state.

Opening an orbital degree of freedom in a Mott insulator
introduces a dynamics to the spin-orbital system where su-
perexchange interactions would mediate any possible spin
and even orbital orderings. Theoretical solutions derived
from the Hamiltonian?* postulated by Kugel and Khomskii
(KK) include quantum melting of magnetic ordering in the ¢
orbital system,” magnetic ordering prohibited by symmetry
in the KK Hamiltonian,?® spin-orbital entanglement,?’ and a
spontaneous orbital/spin ordering through the order-from-
disorder scenario.?®2° In transition-metal oxides, the orbital-
lattice interaction lifts an orbital degeneracy at high tempera-
tures by the CJT distortion, which may be biased by an
intrinsic structural distortion. However, the CJT distortion is
avoided where (a) there is a relatively weak orbital-lattice
interaction in the cubic crystal field or (b) the crystal struc-
ture has a single metal-oxygen bond length allowed by the
structural symmetry. The first case is nearly fulfilled in the
e’ (n=1,2) systems of the orthorhombic perovskites
LaTiO;5 and LaVOs;, whereas the orbital degree of freedom in
the e orbital system can be released through procedure (b).
The rhombohedral symmetry is not compatible with orbital
orderings so that an orbital degeneracy remains to lowest
temperature. Alternatively, the frustrated superexchange in-
teraction can also be from an orbital-glass phase which
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should not take the feedback of spin-spin interaction in a
joint spin/orbital space. However, an orbital-glass phase is
unlikely for LaMnO; under 12 GPa since it would prefer the
cubic symmetry. It is interesting to test whether a sufficiently
high magnetic field will induced a magnetically ordered state
in rhombohedral LaMnO; where the orbital ordering, if it
exists, would be caused by a superexchange interaction
alone. Although it has been actively discussed in recent
years,?3% the new physics due to an entanglement of spin
and orbital degrees of freedom in an e orbital system remains
to be explored further experimentally.

In conclusion, both type-A antiferromagnetic order in
LaMnO; and ferromagnetic order in LaMn, sGa; 505 survive
under high pressure as long as the cooperative Jahn-Teller
distortion remains. The opposite pressure dependence of the
magnetic transition temperatures in these two compounds re-
flects a sharp difference in the exchange striction at the mag-
netic transition. Signals of the magnetic susceptibility at both
T, and Ty vanish under pressure at a transition to the rhom-
bohedral R-3c¢ structure, which is incompatible with a coop-
erative JT distortion. We have shown experimentally that the
orbital degree of freedom can be released in an e orbital
system while it remains a Mott insulator and that intersite
spin-orbital entanglement that results does not lead to a spin-
ordered phase.
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