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A basic concept in solid-state physics is that when some kind of
symmetry in a solid is spontaneously broken, collective excita-
tions will arise'. For example, phonons are the collective excita-
tions corresponding to lattice vibrations in a crystal, and magnons
correspond to spin waves in a magnetically ordered compound.
Modulations in the relative shape of the electronic clouds in an
orbitally ordered state’™ could in principle give rise to orbital
waves, or ‘orbitons’, but this type of elementary excitation has yet
to be observed experimentally. Systems in which the electrons are
strongly correlated—such as high-temperature superconductors
and manganites exhibiting colossal magnetoresistivity—are
promising candidates for supporting orbital waves, because they
contain transition-metal ions in which the orbital degree of
freedom is important'®''. Orbitally ordered states have been
found in several transition-metal compounds'>", and orbitons
have been predicted theoretically for LaMnOj; (refs 4, 5). Here we
report experimental evidence for orbitons in LaMnO;, using
Raman scattering measurements. We perform a model calculation
of orbiton resonances which provides a good fit to the experi-
mental data.

In the perovskite LaMnOj, all of the Mn ions are trivalent with
four electrons in 3d orbitals. Because of the crystal-field potential
from surrounding oxygen ions and the strong Hund coupling, the
electronic configuration of a Mn’" is £ (spin quantum number
S = 2). Therefore, one electron occupies one of the doubly degen-
erate e, orbitals, and the ion has both spin and orbital degrees of
freedom'"°. This latter degree of freedom is spontaneously frozen
by the real-space ordering of the e, orbitals accompanied by a Jahn—
Teller (JT) type lattice distortion of the MnOg octahedra'’; as shown
in the inset of Fig. 1a, the d;,» - » and d,» _ » orbitals for e, electrons
are alternately ordered in the x—y plane (so called C-type orbital
ordering) below the orbital ordering temperature To, = 780K
(ref. 13). In addition, the spin ordering appears below
Ty = 140K (refs 18, 19) where spins are aligned ferromagnetically
in the x—y plane, and antiferromagnetically in the z direction (so-
called A-type antiferromagnetic (AF) ordering). We address here
the elementary excitations in the orbitally ordered state of LaMnO;.

To describe the orbital degree of freedom theoretically, we
introduce the pseudo-spin T (quantum number T =1) which
represents two possible choices of the occupied e, orbital at a Mn
ion. The quantum number T, = +(—)} corresponds to the state
where the d,,>_ 2(d,_ ) orbital is occupied by an electron. In a
solid, there are interactions between pseudo-spins at different ions
which give rise to an orbital order—disorder phase transition®’. In
the orbitally ordered state, a macroscopic classical variable caused
by the pseudo-spin—that is, the orbital order parameter—becomes
finite. The order parameter in orbitally ordered LaMnOs is identi-
fied asM(k) = (UN)Eieikm’(Ti) =(( 3/4)6k=(no)s 0, — (1/4)6k:(000))>
where (...) indicates the thermal average, r; is a position of the ith
Mn ion and N is the number of ions. Consider the excitations of the
orbital sector in the orbitally ordered state. Such an excitation
corresponds to a change of the occupied orbital, that is, to a change

§ Present address: Department of Applied Physics, University of Tokyo, Tokyo 113-8656, Japan.

180

%4 © 2001 Macmillan Magazines Ltd

in the shape of the electron cloud. This is represented by a deviation
of T; from (T;).

Once the orbital excitation occurs at a site, it propagates in a solid
through the interactions between orbitals at different ions, as does
the spin excitation in a magnetically ordered state. This collective
excitation and its quantized object are termed ‘orbital wave’ and
‘orbiton’ respectively. A schematic illustration is presented in Fig. 1b.
The energy, dispersion and symmetry of the orbital wave are
calculated from a model describing the interactions between orbi-
tals. Here, considering the fact that LaMnOs is a Mott insulator and
that the Hund coupling in a Mn ion is strong, the important
interaction between orbitals is caused by the exchange of electrons
between Mn ions. The model hamiltonian is*>':

1 () 3 11 ! !
= _22{]1K1 (Z —T,-Tj> +,K, <Z+T,-Tj+T,-+T]- (@Y

(i)
where 7 = cos(2mm,/3)T,, — sin(2wm,/3)T,, with (m,, m,,m,) =
(1,2, 3), and where I denotes the direction of a bond connecting

a site i and its nearest neighbouring site j. The quantities
K, =1/4=S§,[8; and K, = 3/4 + §,[S; involve S; the spin operator
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Figure 1 Dispersion relation and schematic illustration of an orbital wave. a, Theoretical
results for the dispersion relation of the orbital wave in the C-type orbitally ordered state
with the A-type AF structure (see text). The parameter values in equation (1) are chosen to
be J,/J; = 0.35. Eoy denotes energy of the orbital wave. In addition to the hamiltonian,
equation (1), the interaction between the pseudo-spin T;and the static Jahn—Teller-type
lattice distortion in a MnOg octahedron is introduced. This is described by the hamiltonian
Hy = 92(Q,T, + Q,T,), where Q, and (3 are the two normal coordinates of the
displacements of the O ions surrounding a Mn ion at site /, and g is a coupling constant.
We choose (1/N)Z,€%" (Q)p, Qi) = Q(V/3/2)8_zr0 — 18,_qon)) and

gQ/J, = 0.7. This interaction adds an energy (0.89Q) to the centre of gravity of the
dispersion relation. The Brillouin zone for the tetragonal lattice with the D4, symmetry is
adopted. A schematic picture of the orbitally ordered state (electron cloud) in LaMnO5 is
shown in the inset. b, Schematic illustration of the orbital wave. Top, the electron cloud in
the ground state. Bottom, a snapshot of the electron cloud when an orbital wave is excited.
The wavevector of the orbital wave is chosen to be (0, 0, 6/4), with a being the bond
length between the nearest neighbouring Mn ions.
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with spin quantum number S = 1/2. Two terms in H correspond to
the different exchange processes and (J;, J,) are amplitudes of these
interactions. It has been shown*’ that this model can well describe
the actual situation of the spin and orbital states in LaMnOj. The
exchange of virtual phonons also causes the interaction between
orbitals. As it is estimated to be smaller than J;, and has a similar
form to equation (1), this contribution is included in the parameter
J1K; of the equation.

The dispersion relation is calculated by applying the Holstein—
Primakoff theory to equation (1) for the hypothetical tetragonal
(Dyy,) lattice of LaMnOs, and is presented in Fig. 1a. We assume that
spin and lattice are frozen, as their dynamics are expected to be
slower than that of the orbitals in LaMnOs. Then, the effect of the
static JT-type lattice distortion in a MnOg octahedron is introduced,
which adds some energy to the centre of gravity of the orbiton
dispersion described by equation (1). At the I' point, the four modes
of the orbital wave have A,, By, Bi; and Bs, symmetries of the Dyy,
group. The band width of the orbital wave is of the order of
the exchange interactions Jj;). A gap of the order of the band
width is opened due to the anisotropy in the interactions between
pseudo-spins.

Raman scattering has been used to identify the orbital waves at
the I point. We have measured the Raman scattering spectra for a
detwinned single crystal of LaMnQj. The detwinned crystal enables
us to investigate the detailed polarization dependence. Raman
scattering measurements were performed using a microscope
spectroscopy system in the nearly backscattering configuration.
The 514.5-nm line (2.4 eV) of an Ar" laser was used for excitation,
and the laser power at the focus spot (~5 pwm in diameter) was kept
below 1 mW. The excitation energy corresponds to the energy scale
of the charge-transfer interaction between the O 2p and the Mn 3d
orbitals”*%. The polarization configuration of the incident and the
scattered light is represented by (x, y) and so on. As illustrated in the
inset of Fig. la, x, y and z are taken to be the directions of Mn—Mn
bonds and x + y = x' (x —y = y'). Spectra were measured in six
polarization configurations: (x, x), (x, y), (x', x'), (x",y"), (z,z) and
(z, x).

In Figs 2a and b, we display the Raman scattering spectra at 9K
(the orbitally ordered ground state) in four polarization configura-
tions for the LaMnOj single crystal. We first discuss briefly phonon
modes activated by the JT lattice distortions. Peak structures
observed in a lower-energy region (=100 meV) can be assigned to
phonon scattering, as discussed previously”. Among them, two
intense modes can be observed in the (x, x) polarization spectrum at
60 and 75 meV, and another mode for the (z, z) polarization at
60 meV. These modes have been identified as the activated oxygen
modes due to a cooperative JT distortion*. Figure 2c shows the
temperature variation of these phonon modes in the (x, x) polar-
ization spectrum. With an increase in temperature, the spectral
intensity decreases and then almost disappears near the structural
phase transition at Tj; = 750 K (ref. 17). The observed temperature
dependence of these phonon peaks confirms that these modes
reflect the order parameter of the JT lattice distortion.

The most notable feature in the present Raman study is found in a
higher-energy region (=100meV). In the (x, x) configuration
spectrum at 9K (Fig. 2a), three characteristic broad peak structures
are observed at 125, 145 and 160 meV. One broad peak is also
observed at 160 meV in the (z, z) configuration (Fig. 2b). The peak
features in the energy region above ~100 meV show strong polar-
ization dependence, which is displayed in Figs 3a—c. The high-
energy Raman bands become weak with increasing temperature,
and almost disappear around Too (Fig. 2d). This temperature
profile parallels that of the phonon modes in the lower-energy
region.

Raman bands for transition-metal oxides at such a high-energy
scale are usually assigned to multi-phonon scattering. However,
these Raman bands in the present compound cannot be attributed
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to simple multi-phonon scattering for the following reasons.
(1) The Raman-shift energy of the high-energy Raman bands
cannot be reproduced by any combination of the observed Raman
and infrared phonon modes. For comparison, we plot in Figs 2a
and b the (x, x) and (z, z) spectra, respectively, as a function of
doubled Raman shift (blue lines). Although the multi-phonon
Raman scattering energy may shift from the sum of the one-
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Figure 2 Experimental results for Raman scattering spectra of a detwinned LaMnO,
crystal. a, b, Raman scattering spectra with four polarization configurations (black and
red lines) and optical conductivity spectra (o) (green lines) at 9K. The crystal was
obtained by the floating-zone method and a post-annealing procedure. The post-
annealing was performed under an oxygen partial pressure of 3 X 10~ *atm and at a
cooling rate of ~10Kh™". To see the possible components of two-phonon excitations,
we plot the (x, x) and (z, z) spectra as functions of the double Raman shift (blue lines).
¢, d, Temperature variation of Raman scattering spectra in the (x, x) configuration for
the LaMnOj3 crystal. In d, the vertical axis (intensity) of the spectra above 300K is
stretched by a factor of 2 (300K) or 2.5 (500—790K). Black dashed lines are located at
the peak positions of the respective Raman bands at 9K. Although the peak positions of
the phonon modes are almost independent of temperature (¢), those of the Raman
bands at higher energy (red arrows) shift appreciably with temperature above

Ty = 140K (d). This anomaly in the high-energy Raman band around Ty signals the
close connection of the orbiton state to the magnetic ordering, as expected from the
original effective hamiltonian equation (1), and/or reflects the related change of the
orbital order parameter'.
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phonon energy to a limited extent due to the nonlinearity of lattice
dynamics, such an effect cannot increase the multi-phonon energy.
(We note that a weak phonon band has been reported around
650cm™" in previous studies on Raman spectra for LaMnOs,s
(refs 25, 26). Such a phonon band is much weaker in the present
Raman spectra, see Fig. 2a, but tends to grow with increasing oxygen
contents or slightly doped Sr contents (x ~ 0.06) in La;_,Sr,MnO;
where the high-energy Raman bands are rather suppressed.) (2) A
substantial temperature-dependent energy shift of the peaks (up to
10 meV) is observed, in contrast to a negligible dependence of the
observed phonon mode energies (see and compare Fig. 2d and c).
(3) We also measured the spectra for RMnO; (where R is Nd or Gd).
The decrease of the ionic radius of the R-site causes the suppression
of the intensity of the phonon modes, but does not suppress that of
the high-energy Raman bands. For these reasons, the observed
Raman bands (for example, that at 160 meV) cannot be attributed
to simple multi-phonon scattering. Charge excitations cannot be
responsible for these Raman bands, because of the large charge gap
energy (~1eV) in the ground state of LaMnOj (ref. 22). As for the
two-magnon scattering, the A-type AF ordering (in-plane ferro-
magnetic) prohibits all the magnon scattering except for the (z, z)
component.

The above unconventional high-energy excitations in the Raman
scattering experiments are best interpreted in terms of the theo-
retical calculations of the orbital wave. The second-order inter-
action between electrons and photons creates an orbiton through
the exchange of electrons. Consider a pair of the nearest neighbour-
ing O and Mn ions in orbitally ordered LaMnOs. The incident
photon excites an electron from the O 2p orbital to an unoccupied
Mn e, orbital. Via a second photon interaction, one of the two e,
electrons returns to the O ion. In the final scattering state, the orbital
occupation of the Mn ion is changed, that is, a single orbiton is
created by this two-photon process. The photon-induced exchange
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Figure 3 Comparison between the experimental and theoretical Raman scattering
spectra for LaMn0Qs. a—c¢, Experimental Raman scattering spectra in several polarization
configurations for a detwinned single crystal of LaMnOs at 9 K between 110 and 175 meV.
d—f, Theoretical Raman scattering spectra due to orbitons in the C-type orbitally ordered
state with the A-type AF structure. The displacements of the O ions observed in the
monoclinic phase of LaMnOs are introduced in the calculation. J; is estimated to be about
50 meV from the analyses of the experimental spin wave spectrum in LaMnQOsz.
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of electrons between the nearest neighbouring Mn ions also excites
orbitons”. Both cross-sections for Raman scattering are estimated
to be of the same order of magnitude as the two-magnon process in
antiferromagnets. Electronic excitations between the crystal-field
levels have been examined by Raman spectroscopy for 4f electron
systems™, where the local orbital excitations occur through the
electronic transitions on a rare-earth ion. However, this is unlike the
present case, showing the k-dispersion of the orbital excitation on
the almost degenerate crystal-field levels.

We have calculated the Raman scattering spectra for several
configurations of light polarization (Fig. 3d—f), and compared
them with the experimental results (Fig. 3a—c). The actual small
lattice distortions with monoclinic symmetry are taken into
account”. The peaks labelled A and B correspond to creation of
single orbitons with A, and B,, symmetry (Fig. 1a) respectively. Peak
C corresponds to the excitation atk = (700) in Fig. 1a, and becomes
Raman active due to the monoclinic lattice distortion. (We estimate
Ji to be about 50 meV, from the analyses of the experimental spin
wave spectrum in LaMnOs (ref. 30).) The theoretical results are in
qualitatively good agreement with experiment. The following char-
acteristics of the spectra provide strong evidence that the observed
peaks originate from orbitons. (1) The strongest intensity of peak A
for the (x, x) and (x’, x') configurations originates from an
interference effect in the in-phase A, mode. (2) The weak peak C
for the (x, x) and (x, x") configurations appears due to the small
lattice distortion, as mentioned above. (3) The spectra for the (x, y)
and (z, x) configurations are much weaker because, in the excitation
process introduced above, an orbiton is not created for these
configurations.

We expect that the present systematic theoretical and experi-
mental studies of orbital waves and their quantized equivalents,
orbitons, will also help us to understand better the thermal,
electrical and magnetic properties of orbitally ordered systems.
These properties are all strongly affected by the nature of the orbital
state. It is certainly worthwhile to search for such orbital waves in
other transition-metal compounds with orbital ordering, in order
to ensure the general nature of this concept. O
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Semiconductor nanostructures based on two-dimensional elec-
tron gases (2DEGs) could form the basis of future devices for
sensing, information processing and quantum computation.
Although electron transport in 2DEG nanostructures has been
well studied, and many remarkable phenomena have already been
discovered (for example, weak localization, quantum chaos, uni-
versal conductance fluctuations?), fundamental aspects of the
electron flow through these structures have so far not been
clarified. However, it has recently become possible to image
current directly through 2DEG devices using scanning probe
microscope techniques®'’. Here, we use such a technique to
observe electron flow through a narrow constriction in a
2DEG—a quantum point contact. The images show that the
electron flow from the point contact forms narrow, branching
strands instead of smoothly spreading fans. Our theoretical study
of this flow indicates that this branching of current flux is due to
focusing of the electron paths by ripples in the background
potential. The strands are decorated by interference fringes
separated by half the Fermi wavelength, indicating the persistence
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of quantum mechanical phase coherence in the electron flow.
These findings may have important implications for a better
understanding of electron transport in 2DEGs and for the
design of future nanostructure devices.

Images of electron flow from the quantum point contact (QPC)
are obtained by raster scanning a negatively charged scanning probe
microscope (SPM) tip above the surface of the device and simulta-
neously measuring the position-dependent conductance of the
device. The negatively charged tip capacitively couples to the
2DEG, creating a depletion region that backscatters electron
waves. When the tip is positioned over areas with high electron
flow from the QPC, the conductance is decreased, whereas when the
tip is over areas of relatively low electron flow the conductance is
unmodified. By raster scanning the tip over the sample, a two-
dimensional image of electron flow can be obtained.

The QPC sample is mounted in an atomic force microscope and
cooled to liquid He temperatures. The QPC is formed in the 2DEG
inside a GaAs/AlGaAs heterostructure by negatively biasing two
gates on the surface—a negative potential on these gates creates two
depletion regions that define a variable-width channel between
them, as shown in Fig. la. The heterostructure for the devices
used in this experiment was grown by molecular beam epitaxy on
an n-type GaAs substrate. The 2DEG resides 57nm below
the surface with mobility w = 1.0 x 10°cm?*V™"'s™ and density
n=4.5x10" cm™. These values of mobility and density correspond
to a mean free path / = 11 wm, Fermi wavelength A = 37 nm, and

500 nm

|
-0.8
Vg (V)
Figure 1 Experimental set-up. a, Schematic diagram of the experimental set-up used for
imaging electron flow. The tip introduces a movable depletion region which scatters
electron waves flowing from the quantum point contact (QPC). An image of electron flow is
obtained by measuring the effect the tip has on QPC conductance as a function of tip
position. Two ohmic contacts ~1 mm away from the QPC (not shown) allow the
conductance of the QPC to be measured using an a.c. lock-in amplifier at 11 kHz. The
root-mean-square voltage across the QPC, 0.2 mV, was chosen in order not to heat
electrons significantly above the lattice temperature of 1.7 K. b, Conductance of the QPC
used for Fig. 2b versus QPC width controlled by the gate voltage. Steps at integer
multiples of 2e%/h are clearly visible. The inset is a topographic AFM image of the QPC.
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