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Orbital Ordering Transition
in La_,Ru,0,,

P. Khalifah,"2*} R. Osborn,? Q. Huang,** H. W. Zandbergen,*¢
R. Jin,7} Y. Liu,” D. Mandrus,® R. J. Cava'?

We report experimental evidence for a full orbital ordering transition in the
two-dimensional lanthanum ruthenate La Ru,O,,. The observable consequenc-
es of this orbital ordering include the loss of the Ru local moment, a structural
distortion which partitions Ru-O bonds into axially oriented short and long sets,
a sharp jump in electrical resistivity, and the opening of a spin gap that is visible
in neutron scattering experiments. This is a rare example of a discrete orbital
ordering transition in a 4d transition metal oxide and demonstrates that orbital
effects can have an influence on the properties of layered ruthenates, a family
of compounds that notably includes the p-wave superconductor Sr,RuO, and
the field-tuned quantum critical metamagnet SrjRu,O,.

The study of the interplay between orbital,
spin, and charge degrees of freedom in tran-
sition metal oxides is at the forefront of con-

densed-matter physics (/). Invariably, the
canonical examples of orbitally ordered com-
pounds [including YTiO; (2), YVO,; (3),

KCuF; (4), and the perovskite manganites
(5-8)] contain 3d transition metals because
they display large magnetic moments and
strong coupling of orbital and charge config-
urations to local coordination polyhedron ge-
ometry. Recently, evidence has been mount-
ing for the importance of orbital physics in
perovskite-related structures containing the
4d transition metal ruthenium (Ru). Inelastic
x-ray scattering experiments have found evi-
dence for partial orbital ordering in the com-
pound Ca,RuO, (9), and theoretical models
for treating the orbital effects in this system
have been developed (10, 11). Unfortunately,
it is difficult to assess the effects of orbital
ordering on the properties of Ca,RuQ,, be-
cause the ordering is estimated to be only
50% complete [the 4, orbital occupancy is
augmented from 50 to 75% on cooling from
300 K to 90 K] (9), and the shift of orbital
population gradually occurs over a tempera-
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ture range of more than 200 K, judging from
the variation of Ru-O bond lengths measured
from neutron diffraction refinements (/2).
La,Ru,0,, is a layered ruthenate synthe-
sized in air at 1250°C (13, 14). Despite the
black color of La,Ru,0, , powders and crystals,
resistivity measurements show that this com-
pound is nonmetallic. We observed two differ-
ent semiconducting regimes in La,Ru,0, , (Fig.
1A), with an increase in the Arrhenius activa-
tion energy on cooling below 160 K. The sharp
change in the behavior of the resistivity of
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Fig. 2. (A) Structure of 5
the monoclinic  ht-
La,Ru,0,, (left) and
triclinic  {t-La,Ru,0,,
(right) forms of La,Ru,-
O,o The black box de-
notes a single unit cell
Double planes of RuO,
octahedra (light gray)
are the dominant
structural feature in
both structures. La at-
oms (medium circles,
light) and O atoms
(small circles, dark) fill
the space between
planes in La,Ru,0,,,
whereas the Sr atoms
in Sr;Ru,O, are not
found outside the per-
ovskite planes. (B)
Ru-O distances in ht-
La,Ru,0,, and lt-la,
Ru,0,,. (C) Schematic
illustrating the distor-
tion occurring in It-
La,Ru,0,,, relative to ht-
Ru,0,,.  Altemating
elongation and compres- c
sion occur along the di-
agonals of [t-La,Ru,O,,.
(D) Ferro-orbital order-
ing scheme for It-la,-
Ru,0,. If the d,, orbi-
tals (shown superim-
posed on the RuQ; octa-
hedra) are unoccupied,
the y-axis Ru-O bond
distances are expected
to shrink.
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La,Ru,0,, below 160 K indicates a discrete
transition between two distinct electronic states.

The stoichiometry of La,Ru,0,, dictates
a Ru** formal oxidation state and a d* con-
figuration. The expected S = 1 low spin
moment of the Ru atoms is confirmed by fits
of high-temperature (high-7) magnetic sus-
ceptibility data (Fig. 1B) to a modified Curie-
Weiss law [x = x, + C/(T — 6)], which give
an effective moment () of 2.52 bohr
magnetons (W), an antiferromagnetic Curie-
Weiss 6 of —70 K, and a small temperature-
independent x,, of 1.8 X 10™* electromagnet-
ic units (emu) per mole of Ru. Although the
high-temperature data conform to expecta-
tions, there is a precipitous drop in the mag-
netic susceptibility of La,Ru,0,, below 160
K, precisely where the crossover in the semi-
conducting activation energy was observed.
Below this transition, the local moment para-
magnetism disappears, and the behavior of
La,Ru,0,, is essentially that of a tempera-
ture-independent paramagnet, with a slight
upturn at the lowest temperatures due to
small amounts of free intrinsic spins or ex-
trinsic impurity spins. The susceptibility can
be fit to a modified Curie-Weiss law, albeit
with a greatly reduced magnetization
(g = 0.38 pg, 6 = —23K, and x, = 2.3 X

LagRu201g

triclinic

@ com @ cowm

l—)b

a

7.772
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dy Y:J+_J+JJ
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10~ emw/mol of Ru). In either case, it is clear
that the magnetic moment of La,Ru,0,, is
extinguished on cooling below the transition
temperature. Field-cooled and zero-field cooled
data (/5) are indistinguishable. No field depen-
dence of the normalized susceptibility is ob-
served at applied fields of up to 9 T.

The discovery of the magnetic and resistiv-
ity transitions in La,Ru, 0, , prompted a search
for a concurrent structural transition. When
crystals of La,Ru,0,, are cooled below the
magnetic transition temperature, a reversible
twinning transition sets in, indicating a change
in space group symmetry. The space group
symmetry, unit cell, and the approximate atom-
ic positions were extracted from measurements
on twinned single crystals. These data were
used as the starting point of powder neutron
diffraction structural refinements at tempera-
tures above, below, and in the vicinity of the
magnetic transition. The symmetry of
La,Ru,0,, was found to be monoclinic (space
group P2,/c, no. 14) above 170 K and triclinic
(P1, no. 2) below 150 K, and a mixture of the
two phases was present at intermediate temper-
atures. The magnetic and structural transitions
had similar temperature dependencies and were
closely correlated (Fig. 1C). Despite the change
in space group symmetry, the low-temperature
triclinic structure (which will be referred to as
It-La,Ru,0, ) and the high-temperature mono-
clinic structure (h-La,Ru,0,,) remained very
similar (Fig. 2A). None of the unit cell dimen-
sions changed by more than 0.5% (<0.04 A)
between 20 and 295 K, and the changes in cell
angles and cell volume were also small (<2.5°
and <0.5%, respectively). Low-temperature
electron diffraction studies showed no evidence
of supercell reflections. Although the structural
transition in La,Ru,O,, reflects concurrent
changes in the electronic structure of this ma-
terial, the changes are not due to gross structural
changes. Instead, the electronic changes must
be driven by specific changes in the nature of
the Ru-O interactions.

The high- and low-temperature structures of
La,Ru,0,, are closely related to those of the
Ruddlesden-Popper—type ruthenates, a family
of materials in which orbital effects are believed
to play an important role in governing the ob-
served physical properties (9-12, 16).
La,Ru,0,, contains double 110 perovskite
planes (Fig. 2A), much as the » = 2 Ruddles-
den-Popper phase Sr;Ru,0, is built from dou-
ble 100 perovskite planes. Although both
Sr;Ru,0, and La,Ru,0, , have double-layered
structures, there are important differences in
their connectivities. Each RuOg octahedron in
La,Ru,0,, has comer-sharing connections
with four neighboring RuO, octahedra, which
is one less than the five connections found in
Sr;Ru,0,. This suggests that La,Ru,0,, is
more electronically similar to the single-layered
(n = 1) Ruddlesden-Popper phases Sr,RuO,
and Ca,RuQ,, which also have four nearest-
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neighbor RuO, octahedra. It has been experi-
mentally observed that the partial orbital occu-
pancies of Ca,RuO, vary as a function of
temperature (9), a change closely linked to
structural distortions (/6) and magnetic order-
ing (10, 11, 17).

On crossing the 160 K transition in
La,Ru,0,,, there are large changes in the Ru-O
bonding, which indicate a change in orbital
populations. When the distance across the en-
tire O-Ru-O-Ru-O chain along the zig-zag di-
agonals is measured, the /+-La,Ru, O, structure
is found to have alternating distances of and
7.977 and 7.579 A, in contrast to the uniform
distance of 7.772 A found in At-La,Ru,0,,
(Fig. 2B). A detailed look shows that the four
collinear Ru-O bonds in /+-La,Ru,0,, differ by
0.10 A from the corresponding bond along the
opposite diagonal axis (a 5% change) and have
each been distorted by an average of 0.05 A
from their monoclinic counterpart (Fig. 2C).
The systematic 5% difference in bond lengths is
immense in the context of 4d transition metal
oxides, which do not typically have the large
Jahn-Teller distortions commonly found in 3d
transition metal oxides. Furthermore, the axial-
ly oriented change in bond lengths is a strong
indication of a change in the occupation of the
Ru orbitals. The shortest Ru-O bonds are ex-
pected to lie along the axes of unoccupied
orbitals because of the minimized repulsion
between Ru d and O p orbitals. If the x axis of
the Ru in /t-La,Ru,0,, is taken to be along the
long Ru-O bonds and the y-axis is taken to be
along the short Ru-O bonds, then the distortion
of the RuQ, octahedra reflects an increased
occupancy of the d_, orbitals and a decreased
occupancy of the d_ orbitals. The greatest pos-
sible compression of Ru-O bond lengths along
the y axis will occur when the d,, orbitals are
unoccupied (Fig. 2D), giving an effective Ru
configuration of d_?d,>. The structural distor-
tion in La,Ru,0,, is therefore the physical
manifestation of an orbital ordering transition in
which the 4, orbital is selectively depopulated.

The La,Ru,0,, orbital ordering transition
naturally explains the unusual magnetic transi-
tion, as illustrated in Fig. 3. La,Ru,0, , contains
Ru** ions at all temperatures, which leaves
four d electrons to fill the 7, -derived bands. At
temperatures above the structural and magnetic
transition, Az-La,Ru,0,, is a paramagnetic in-
sulator, with the two unpaired #,_ electrons in its
triply degenerate 1, orbitals. Hund’s rules pre-
dict an electron configuration of dxyzdn‘dyz‘,
dxy‘dxzzdﬂ‘, or dxy‘dxz‘dyzz. The two unpaired
electrons in these degenerate states result in the
2.53 p, moment (S = 1) observed in the Curie-
Weiss fit of the magnetic susceptibility. Upon
cooling through the transition temperature, the
orbital ordering transition induces syste-
matic bond distortions that drive the
monoclinic—triclinic structural phase transi-
tion. The “ferro-orbital” nature of the transition
results in the systematic compression of Ru-O
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Fig. 3. Schematic show-
ing the effects of a
completely empty d,
orbital on the ¢, -de-
rived energy bands and
on the magnetism of
{t-1a ,Ru,0,

Fig. 4. Inelastic neutron-
scattering results for ht-
La,Ru,0,, (200 K) and
{t-La,Ru,0,, (100 K) at
incident energies of (A)
400, (B) 150, and (C) 25
meV. S($/e) is the neu-
tron scattering law mea-
sured at an average scat-
tering angle & = 5° as a
function of energy trans-
fer (£) in units of mbarns/
sr/meV per formula unit
(i.e., two Ru atoms). The
solid lines are fits to in-
elastic (B) and quasi-elas-
tic (C) Lorenzian line
shapes using parameters
given in the text, with
corrections  for  self-
shielding and the Ru**
form factor.
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bonds along the y axis (110), raising the energy
of d_ orbitals well above the level of the 4, and
d,, orbitals. Instead of a two-thirds-filled set of
threefold-degenerate ¢,, orbitals, /+-La,Ru,0,,
contains one nearly full doubly degenerate band
and one nearly empty nondegenerate band
(lectron configuration d, ’d, *d °). This re-
sults in virtually all of the d electrons in /-
La,Ru,0,, being paired and in the loss of the §
= ] magnetic moment.

The conclusion that the magnetic transition
in La,Ru,0,, is driven by orbital ordering is
supported by other measurements. Powder neu-
tron diffraction data rule out antiferromagnetic
ordering as the cause of the magnetic transition,
because of the absence of supercell reflections
in the low-temperature data and because of the
successful fitting of the observed data without
including magnetic scattering. In some systems
such as NdNiO; (/8), sharp magnetic transi-
tions are induced by metal-insulator transitions.
However, this is certainly not the case in
La,Ru,0,, which is semiconducting both
above and below the magnetic transition.

The formation of a spin gap in the orbitally
ordered state is confirmed by inelastic neutron
scattering experiments on powder samples (Fig.
4). These neutron scattering experiments are
able to directly probe the nature of magnetic
excitations and can readily resolve the funda-
mental magnetic changes upon cooling through
the 160 K transition. Data on ht-La,Ru,0,,
were collected at 200 K, whereas data on /-
La,Ru,0,, were collected at 100 K. Initial
experiments using 400-meV neutrons allow the
broad features of La,Ru,0,, to be probed.
Even on this large energy scale, it can be seen
that there are substantial differences between
It-La,Ru,0,, and ht-La,Ru,0,,. The response
of ht-La,Ru,0,, is featureless except for the
broad quasi-elastic peak centered at zero energy
transfer (Fig. 4A). This is not the case for
It-La,Ru,0,,, which exhibits a second peak
around 40 meV, which can can be more clearly
resolved when probed with 150-meV neutrons
(Fig. 4B). In addition, the quasi-elastic scatter-
ing of I+-La,Ru,0,, is greatly reduced, as can
be seen in data collected at 25 meV (Fig. 4C).

The magnetic contribution to the scattering
in ht-La,Ru, 0, is best fit to a purely quasielas-
tic peak with a width of 40.5 = 54 meV. On
the other hand, the fit to the scattering from
I+-La,Ru,0,, shows a significantly reduced
quasi-elastic peak (with a width of 16.2 = 2.6
meV) and a new inelastic peak centered at
41.2 *+ 0.6 meV and with a width of 8.6 * 1.6
meV. The purely quasi-elastic response of Az-
La,Ru,0,, is characteristic of gapless systems
with a strongly fluctuating local moment. In
contrast, the 40-meV inelastic peak is a strong
indicator that a gap is present in /-La,Ru,0,,,.
The reduced quasi-elastic scattering of It
La,Ru,0,, relative to A-La,Ru,0, , which re-
sults from the opening of a discrete spin gap, is
seen in the 25-meV scan (Fig. 4C). It is expect-
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ed that the magnetic quasi-elastic scattering in
It-La,Ru,0,, would be further or even com-
pletely reduced at temperatures well below 100
K, where thermal excitations across the 40-
meV gap are no longer contributing to the
quasi-elastic peak.

The structural evidence for an orbital order-
ing transition in La,Ru, 0, , is strongly support-
ed by magnetic susceptibility and inelastic
neutron-scattering measurements. Although
previous studies hinted at the importance of
orbital effects, La,Ru,0,, provides the first
realization of a full orbital ordering transition
among ruthenates. There is a strong possibility
that many of the phenomena seen in orbitally
ordered manganites (such as charge ordering,
stripe formation, and colossal magnetoresis-
tance) may now also be found in doped layered
ruthenates. Given the large differences in mag-
netism between 3d and 44 transition metals,
there will be important new opportunities to
gain insights into the phenomena associated
with orbital ordering through their comparison.
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Collapse of a Degenerate
Fermi Gas

Giovanni Modugno,* Giacomo Roati, Francesco Riboli,
Francesca Ferlaino, Robert J. Brecha, Massimo Inguscio

A degenerate gas of identical fermions is brought to collapse by the interaction
with a Bose-Einstein condensate. We used an atomic mixture of fermionic
potassium-40 and bosonic rubidium-87, in which the strong interspecies at-
traction leads to an instability above a critical number of particles. The observed
phenomenon suggests a direction for manipulating fermion-fermion interac-

tions on the route to superfluidity.

Experimental research on ultracold atoms has
highlighted the marked differences of
bosonic and fermionic dilute quantum gases
in the basic properties (/). In the case of a
degenerate Fermi gas, confined in a harmonic
external potential, the Pauli exclusion princi-
ple forbids the multiple occupation of a single
quantum state and leads to a strong effective
repulsion between the identical atoms. The
fermions are arranged in the trap in a cloud
with relatively large spatial distribution and

European Laboratory for Nonlinear Spectroscopy,
Universitd di Firenze, and Istituto Nazionale per la
Fisica della Materia (INFM), Via Nello Carrara 1,
50019 Sesto Fiorentino, Italy.
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large kinetic energy, which can be interpreted
as being the result of an outward “Fermi
pressure” (2, 3). This is a general property of
any degenerate Fermi system; for instance, it
is the mechanism that stabilizes white dwarfs
and neutron stars against gravitational col-
lapse. As a result of this pressure, a dilute
atomic Fermi gas is only weakly affected by
the actual interactions between particles.
Conversely, a Bose-Einstein condensate
(BEC) occupies only the ground state of the
trap, with a narrow spatial distribution, and
the presence of interactions can strongly alter
its structure. Indeed, a repulsive interaction
broadens the density distribution, whereas an
attractive interaction can lead to a collapse
for a sufficiently large number of atoms, as
observed for lithium (4) and rubidium (5).
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