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High degeneracy in ground states leads to the generation of exotic zero-energy modes, a representative

example of which is the formation of molecular spin-liquid-like fluctuations in a frustrated magnet. Here

we present single-crystal inelastic neutron scattering results for the frustrated magnet MgCr2O4, which

show that a common set of finite-energy molecular spin excitation modes is sustained in both the liquid-

like phase above magnetic ordering temperature TN and an ordered phase with an extremely complex

magnetic structure below TN. Based on this finding, we propose the concept of high degeneracy in excited

states, which promotes local resonant elementary excitations. This concept is expected to have ramifi-

cations on our understanding of excitations in many complex systems, including not only spin but also

atomic liquids, complex order systems, and amorphous systems.
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The concept of elementary excitations, or quasiparticles,
constitutes the basis of modern condensed matter physics
[1]. Intricate interactions among a large number of parti-
cles, like in liquids, can be successfully treated as a col-
lection of independent quasiparticles; examples include
magnons, phonons, and rotons arising from helium super-
fluids [2]. In addition, magnetic pseudomonopoles, which
have been long sought after in high-energy physics, were
recently observed as elementary excitations in a spin-
liquid-like phase in a highly frustrated magnet called a
spin ice [3]. Thus, studying elementary excitations in
complex systems like liquids could have broad implica-
tions across many fields of physics.

Highly frustrated magnets are promising sources for
exotic spin-liquid-like states. This is because in frustrated
magnets, not all classical-spin pairs can be arranged anti-
ferromagnetically on a triangular or tetrahedral lattice,
which gives rise to an inherent macroscopic degeneracy
in ground states [4,5]. Therefore, in a temperature region
that is sufficiently lower than a magnetic interaction scale,
frustration suppresses magnetic ordering and promotes
spin-liquid-like fluctuations (zero-energy modes), which
are accompanied by short-range spatial correlations that
lower system entropy, as required by the third law of
thermodynamics (L phase). A representative example
of this phenomenon is the formation of molecular spin-
liquid-like fluctuations, where a spin molecule refers to a
spin cluster that is spatially confined within a geometrical
region, such as an atomic molecule. For example, in the
spinel antiferromagnet MgCr2O4 (TN ¼ 13 K, �CW ¼
�370 K [6]), the magnetic ions Cr3þ [ðt2gÞ3, spin S ¼
3=2] form a corner-sharing tetrahedral lattice called a
pyrochlore lattice, as shown in Fig. 1(a), and the L phase

(above TN) exhibits antiferromagnetic spin hexamers [7],
as shown as the first mode in Fig. 1(b). The hexamers
correspond to a characteristic neutron scattering intensity
pattern that is widely spread along the Brillouin zone
boundary of the lattice structure [7], as shown in the
bottom-left corner panel in Fig. 1(b), which is reproduced
by classical-spin Monte Carlo simulations [8].
Notably, there is little available information on finite-

energy elementary excitations in this molecular L phase; in
fact, there is no experimental report in existence. This is
probably because zero-energy modes are one of the
most important phenomena directly resulting from frustra-
tion. Indeed, many studies on frustrated magnets in the
L phase were focused solely on the zero-energy modes
[7,9–12].
By contrast, in the magnetically ordered phase (O phase)

in several spinel antiferromagnets, where frustration was
assumed to be relieved by a lattice distortion, molecular
spin and spin-orbit resonances were recently discovered to
exist as nondispersive gapped elementary excitation modes
[7,11,13]. An O phase in MgCr2O4 exhibits a complex
tetragonal spin-lattice order that is essentially equivalent to
that in ZnCr2O4 [14,15], and the hexamer mode and a
heptamer mode [the first and second modes in Fig. 1(b)]
are observed at 4.5 and 9.0 meV, respectively [7].
Interestingly, the heptamer-type zero-energy mode is also
observed in an L phase in another frustrated pyrochlore
magnet Tb2Ti2O7 [12], and a ground state composed of the
same structural units is observed in a frustrated spinel
magnet AlV2O4 with charge degree of freedom [16].
In this Letter, we explored finite-energy excitations in

the L phase and clarified their relation with those in the O
phase through a comprehensive study of spin excitations

PRL 110, 077205 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

15 FEBRUARY 2013

0031-9007=13=110(7)=077205(5) 077205-1 � 2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.110.077205


distributed over wide momentum (Q) and energy (E)
ranges both in an L and O phase in MgCr2O4 by inelastic
neutron scattering. The overall study of spin excitations
was possible because of the combination of a large
single-crystal assembly, an advanced time-of-flight
spectrometer with large-solid-angle detectors, and

sophisticated software to handle huge data sets in four-
dimensional space.
Inelastic neutron scattering experiments were performed

using the direct geometry chopper spectrometer MERLIN
at the ISIS (United Kingdom) spallation neutron source
[17]. The detector coverage is as large as �45� to 135� in
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FIG. 1 (color online). (a) Pyrochlore lattice. The bold lines mark examples of positions of the hexamer and heptamers shown in (b)
among equivalent positions. (b) Snapshots of spin molecular models. The arrows indicate spins, which dynamically fluctuate in
arbitrary directions in keeping with the relative correlations. The total exchange interaction energies in the molecules are also shown,
where J1 is the magnitude of the nearest-neighbor exchange interaction energy. (c) E dependence ofQ-integrated intensity measured in
an L phase (left panel) and O phase (right panel). The integration ranges are 0< h< 2, 0< k< 2, and 0< l < 2 reciprocal lattice
units (rlu) in the low-Q data and 0< h< 2, 5< k< 7, and 0< l < 2 rlu in the high-Q data. The arrows indicate the magnetic peaks
and shoulders. All the intensities can be compared each other in the units, and the standard errors of detected neutron counts are
smaller than the symbols used. The lines are guides to the eye. (d), (e) Measured inelastic neutron scattering intensity distributions in
(h, k, l, E) space in an L phase (22 K) and O phase (8 K), respectively. Each set of three-abreast panels corresponds to the data for the
given E measured in the hk0, hk1, and hk2 planes. The intensities were integrated over ranges of �0:2 rlu and �1:0 meV around the
given l and E, respectively. The vertical tone indicates the linear scale intensity in arbitrary units in (d)–(f). The three first quadrants,
boxed by white lines in the hk0 planes, show areas previously reported [7]. (f) One-to-one correspondence between calculated patterns
as identified by the molecular models shown in (b).
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the horizontal plane and�30� in the vertical direction. The
incident energy (Ei) was fixed at 50 meV with a chopper
speed of 400 Hz. The energy resolution under elastic
conditions was approximately 5% of Ei. Single-crystal
rods of MgCr2O4 were grown by a floating zone method.
Details of the crystal growth are summarized in Ref. [18].
The rod was about 4 mm in diameter and 40 mm in length.
Six coaligned single crystals were fixed by thin aluminum
plates and inserted in a closed-cycle 4He refrigerator
with 4He exchange gas. Since the spin system is three-
dimensional, as shown in Fig. 1(a), the data were recorded
while rotating the crystal in 1� steps about the vertical axis,
which is unlike experiments on two-dimensional and one-
dimensional systems with a fixed crystal angle (!) [19,20].
The huge combined data sets were handled by the HORACE

software of ISIS [21].
Figure 1(c) shows theE spectra ofQ-integrated intensity,

measured in anL phase (22K) andO phase (8K). In neutron
scattering, the magnetic scattering intensity decreases by a
magnetic form factor while the phonon intensity increases
in proportion to Q2 with increasing Q [22]. Since below
�20 meV, the low-Q intensity is higher than the high-Q
intensity, as shown in Fig. 1(c), the signals in this low-
energy region are magnetic in origin. As shown in the left
panel, a single quasielasticmode seems to exist aboveTN. In
contrast, as shown in the right panel, peaks around 4.5 and
9.0 meV and tiny shoulders around 13.5 and 18.0 meV are
observed below TN, which are of an equal energy interval.

Despite the appearance of a single mode, we investigated
the scattering intensity distributions in a Q space sliced at
the four characteristic E’s not only below but also above TN,
as shown in Figs. 1(d) and 1(e), respectively. Above TN

[Fig. 1(d)], different patterns spreading over several recip-
rocal lattice units (rlu) appear at 9.0, 13.5, and 18.0 meV in
addition to the zero-energy hexamer patterns at 4.5 meV,
indicating the existence of other extremely short-range cor-
relation modes. Further, as shown in Fig. 1(e), all the modes
are sustained below TN: the 4.5 meV patterns are almost
identical. Each 9.0 meV pattern above TN is regarded as a
superposition of the 4.5 meV pattern and the heptamer
9.0 meV pattern below TN and, thus, the heptamer mode
certainly exists both below and above TN, and the remaining
13.5 and 18.0 meV patterns above TN are smeared compared
with those below TN but are essentially the same. Here, the
4.5 and 9.0 meV patterns below TN are consistent with the
previous report [7]. Thus, in the L phase with the zero-
energy mode, we found multiple finite-energy short-range
correlation modes, all of which are also in common with the
O phase. The appearance of a single mode is due to super-
position of all the modes that are broader in E compared to
the O phase.

Next, to extract information on the spatial correlations of
these modes, we tried to reproduce the experimental Q
patterns as two-body correlation functions of classical
spins, as in Refs. [7,9]. The Watson-Freeman magnetic

form factor of Cr3þ [23] and the orientation average
over the equivalent directions were also taken into
account. Through trial and error, heptamer variation mod-
els were also found for the third and fourth modes, as
shown in Fig. 1(b), and the corresponding calculated pat-
terns [Fig. 1(f)] are in agreement with those of Figs. 1(d)
and 1(e). Further, the total exchange interaction energy
evaluated from the numbers of antiferromagnetic (AF)
and ferromagnetic (F) nearest-neighbor bonds is of equal
interval as follows, which is also in agreement with experi-
ments: the energy for each molecule can be evaluated to be
�6J1, �4J1, �2J1, and 0J1 with an equal interval of 2J1,
where J1 > 0 denotes an AF first-neighbor exchange inter-
action energy; this first-neighbor exchange interaction has
been reported to be predominant over other exchange
interactions in band calculations [24]. However, it is uncer-
tain whether these are a unique solution.
The same analysis can also reproduce the previous

neutron data on other spinels HgCr2O4 and GeCo2O4,
which are characterized as an AF J1 > 0 and AF J2 system
and a F J1 and AF J3 system, respectively, [11,13]. That is,
as models to explain the experimental Q patterns of zero-
energy modes, the same analysis also showed that
HgCr2O4 exhibits the same hexamers consisting of first-
neighbor spins (hex-I) and another hexamer consisting of
second-neighbor spins (hex-II) [11] and GeCo2O4 exhibits
di-tetramers [13]. In addition, for a finite-energy mode in
GeCo2O4 assigned to tetramers [13], we have confirmed
that the present analysis gives the same patterns as those
obtained in the previous different analysis. Furthermore,
the energetic relations agree with the evaluation from the
numbers of exchange bonds as follows. The hex-I and hex-
II energies are nearly degenerate experimentally [11],
which are evaluated to be �6J1 þ 6J2 and �6J2, respec-
tively; thus, the degeneracy is ascribed to the plausible
assumption of J1 ’ 2J2. The tetramer energy is higher
than the di-tetramer one experimentally [13], which are
evaluated to be �2J1 and 11J1 � 4J3, respectively; thus,
the relation means J3 > 3:25J1 that is satisfied in sign.
To summarize the aforementioned results, the present

experiments found a common hierarchical set of spin exci-
tations ranging from the zero-energy mode to the finite-
energy modes above and below TN, which can be described
by the hexamer and heptamer variation models. Now we
turn to the significance of this finding. First, existence both
above and below TN means that the molecular spin excita-
tions are neither caused by static magnetic long-range
ordering nor likely to be normal spin waves arising from
the magnetic order. In addition, the spin-lattice order is
tetragonal [14,15], whereas the hexamers and heptamers
are trigonal, as shown in Fig. 1(a); they are also different in
symmetry. This difference in symmetry has been very
recently detected by ultrasound measurements in the L
phase: there are tetragonal spin excitations or fluctuations
below �3:4 meV originating from spin Jahn-Teller
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couplingwith the tetragonal spin-lattice order and two types
of trigonal spin excitations around �3:4 meV and in the
higher-energy region, corresponding to the hexamer and the
heptamer variations, respectively [25].

Second, we focus on the finding that the finite-energy
modes are spatially confined, as is the zero-energy mode.
The spatially confined zero-energy mode is recognized as
being the direct result of high degeneracy in the ground
states, which restricts the formation of a normal wavelike
magnetic order that is inevitably longer than thewavelength
of the propagation vector. In analogy to this, the spatially
confined finite-energy modes suggest high degeneracy
in excited states, or the expanded concept of frustration in
excitations. Indeed, this concept seems to be realized in the
O phase, which exhibits a complex magnetic structure with
multiple propagation vectors and 32 magnetic ions in its
unit cell [14,15], implying that 32 spin wave modes are
squeezed in an energy region. This situation is most proba-
bly a clearer example of the term ‘‘frustration effect in
excitations’’ mentioned in the previous report [7].
Similarly, in the L phase without a magnetic order, since
the concept of a unit cell is broken down or a unit cell with
the larger numbers of magnetic ions can be defined, further
higher degeneracy is expected in the spin excited states.
Thus, one can conclude that although the molecular modes
might have originally been normal spin waves, the
expanded frustration transforms them beyond recognition.

Third, we discuss why the L phase sustains the molecu-
lar spin excitations as well as in the O phase. This
commonality requires that the L phase ground state
(zero-energy mode providing the basis of the excitations)
is spatially larger than the finite-energy excitations.
However, the L phase zero-energy hexamers are rather
smaller than the finite-energy heptamers. On the other
hand, interestingly, the aforementioned ultrasound data
suggest that the true zero-energy mode is mainly described
by not trigonal hexamers but other tetragonal dynamical
short-range correlations or their crossover [25]. The
tetragonal correlations are probably a precursor of the O
phase spin order, which generates many magnetic Bragg
points represented by multiple propagation vectors (1, 0,
1=2), (1=2, 1=2, 0), and (1, 0, 0) on and near the Brillouin
zone boundary [14,15], though obviously the whole bound-
ary cannot be encompassed by only the finite points. Thus,
the observed Q patterns of the zero-energy mode could be
reinterpreted as the crossover of the hexamers and an
assembly of rather small spots with the vectors, and Q
widths (correlation lengths) of the spots are smaller (larger)
than those of the molecules. We also remark that such a
many-Q assembly picture was used in works for ZnCr2O4

[8] and another frustrated NiS2 [26].
Last, we discuss the ramifications of this expanded con-

cept. The concept is realized when a unit cell consists of
many components. However, in contrast, from a mean-field
theory for pyrochlore systems with only four magnetic

sublattices, it was reported that only ground states are
highly degenerate and that this is not the case for excited
states [27]. This, in turn, suggests that the expanded con-
cept can also be applied to atomic liquids and amorphous
systems, which are similar to spin frustrated systems as
follows: a spin-frustrated system exhibits, for example, a
spin glass state because of the presence of trace impurities
[28], which is comparable to a supercooled liquid that
undergoes a glass transition upon experiencing a small
impact. Further, supercooled liquids and glasses exhibit
similar resonancelike short-range vibrational modes called
boson peaks. Interestingly, a recent x-ray spectroscopic
study revealed that boson peaks are originally identical
to, but are then severely transformed from, lattice waves
propagating in a crystal (phonons), and also suggested that
the Q correlations are distributed over several rlu near the
pseudo-Brillouin zone boundary [29].
In summary, we studied spin excitations over a wide

(Q, E) space in the frustrated spinel magnet MgCr2O4 by
single-crystal time-of-flight inelastic neutron scattering.
A set of molecular spin excitation modes was commonly
observed above and below TN. This observation leads us to
the concept of frustration in excitations, which is applicable
both above and below TN and in other spinel magnets
HgCr2O4 andGeCo2O4, and probably also in atomic liquids,
complexordered systems, and amorphous systems.Ourwork
will promote the comparative studies of local spin or lattice
modes, normal spin waves, phonons, and their novel cou-
plings in complex systems, which could not be presently
detected. The complementary use of a triple axis spectrome-
ter would provide the detailed information in the future.
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