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Abstract
The magnetism of quasi-one-dimensional itinerant electron magnets RMn4Al8

is compared with that of the typical frustrated itinerant electron magnet YMn2.
The possible formation and observation of the spin pseudogap are discussed
in connection with the spin-liquid state in strongly correlated itinerant electron
systems.

1. Introduction

The cubic Laves phase compound YMn2 is a typical three-dimensional (3D) frustrated itinerant
electron antiferromagnet with the Néel temperature TN � 100 K [1]. The spin-liquid or spin-
singlet-like state in YMn2 (at T > TN) has been understood as a consequence of the frustration
of the nearest-neighbour antiferromagnetic interaction in the pyrochlore lattice. Ballou et al
[2] reported that the magnetic neutron scattering signal of Y(Sc)Mn2 (the antiferromagnetic
ordering in YMn2 is suppressed by the chemical pressure) is broader in the [001] than in the
[110] direction; the correlation length in the [001] direction is smaller than the interatomic
distance. Such spatially anisotropic spin fluctuations have also been confirmed by nuclear
magnetic relaxation measurements [3]. Noting that three different 〈110〉 atomic chains cross
at each atomic site in the pyrochlore lattice (figure 1(a)), it is expected that the strong
nearest-neighbour antiferromagnetic interactions in the 〈110〉 chains inevitably decouple the
interaction between {001} planes. In other words, the spin-liquid state in YMn2, as a nearest-
neighbour antiferromagnetic pyrochlore lattice, is dynamically coupled quasi-one-dimensional
(1D) antiferromagnetic chains in the 3D manner. This interpretation may be related to the
spin–Peierls-type instability in the pyrochlore lattice [4]. Below the Néel temperature, a small
tetragonal distortion lifts the degeneracies of three 〈110〉 axes to realize long-period helical spin
chains [5]. Hence, it is expected that the magnetism of YMn2 is similar to that of the itinerant
electron 1D magnet.

On the other hand, there have been few studies on itinerant electrons in asymmetric
crystals, stressing the anisotropy in magnetic interaction. Motivated by the comparison with
YMn2, we tried to find a prototype of the 1D magnet in itinerant electron systems.
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Figure 1. Mn sublattices in YMn2 (a) and RMn4Al8 (b).

Figure 2. The magnetic susceptibility of YMn2 and YMn4Al8. The Curie–Weiss-type upturn at
low temperatures was subtracted from the susceptibility for YMn4Al8.

2. Comparison with quasi-1D itinerant electron magnets RMn4Al8

As typical itinerant electron magnets with a 1D atomic arrangement [6], we select RMn4Al8

(R = La, Y, Lu and Sc) with the tetragonal ThMn12-derived CeMn4Al8-type structure, where
Mn atoms form 1D chains along the c axis with the in-chain Mn–Mn distance of 2.6 Å, while
having the large interchain distance of 4.4 Å (see figure 1(b)) [7, 8]. The in-chain distance is
comparable to the Mn–Mn distance in YMn2, 2.7 Å. The RMn4Al8 compounds show metallic
conductivity [9–11] as YMn2. The magnetic ground state of Mn in RMn4Al8 is basically
nonmagnetic (except the partial spin freezing in LaMn4Al8 [11–15]). The reported values of the
electronic specific heat coefficient γ are 265 and 83 mJ K−2 mol−1/f.u. (formula unit) (66 and
21 mJ K−2 /Mn mol) for LaMn4Al8 and YMn4Al8, respectively [16], which are comparable to
that for Y(Sc)Mn2 (γ � 80 mJ K−2/Mn mol [17]). For both the systems, the resistivity shows
a Fermi-liquid-like T 2 dependence at low temperatures [18, 19]. No appreciable anisotropy
has been observed in the resistivity of single-crystalline YMn4Al8 [20]; RMn4Al8 is not a 1D
conductor. The specific heat and resistivity results of both Y(Sc)Mn2 and YMn4Al8 satisfy
the Kadowaki–Woods relation. These results indicate that both Y(Sc)Mn2 and RMn4Al8 are
strongly correlated electron systems with nonmagnetic ground states. In RMn4Al8, the electron
correlation mainly depends on the lattice volume, i.e. on the Mn–Mn bond length.

The temperature dependence of the susceptibility measured for YMn4Al8 [21] is shown
in figure 2 together with that of YMn2. The susceptibility of YMn4Al8 shows a broad
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Figure 3. The temperature dependence of 55Mn—1/T1 for YMn4Al8 [21]. A similar temperature
dependence has also been obtained for 27Al—1/T1. The inset shows the model of the spin excitation
density of states with the Fermi energy at E = 0. The solid curve was calculated with W = 720 K,
� = 620 K and f = 25%.

maximum at Tmax � 500 K (the broad maximum was originally found by Coldea et al
[22]). At high temperatures, a Curie–Weiss-like temperature dependence with a negative
Weiss temperature appears, suggesting antiferromagnetic interaction between Mn atoms [19].
YMn2 shows a similar weak temperature dependence, possibly, with a broad peak at a
higher temperature. (The low-temperature anomaly due to the antiferromagnetic ordering
is easily suppressed in Y(Sc)Mn2 or under pressure.) As the origin of the characteristic
temperature dependence of YMn4Al8, the Mn atomic arrangement in RMn4Al8 reminds us
of the Bonner–Fisher susceptibility expected for the 1D Heisenberg antiferromagnet, where
Tmax is in proportion to the exchange integral J between nearest-neighbour spins [23]. In the
RMn4Al8 system, however, Tmax is negatively correlated with the lattice volume, and hence the
electron correlation, as revealed in studies of (La–Y–Lu–Sc)Mn4Al8 [19, 24]. Therefore, we
ascribed the behaviour to the energy gap existing in the spin excitation spectrum as in well-
known nearly ferromagnetic semiconductor FeSi [25]. For a fully opened gap as in FeSi, we
expect zero susceptibility at 0 K, while the susceptibility of YMn4Al8 retains a finite value
at 0 K. Thus we assumed a partially filled gap as shown in the inset of figure 3 (see [21] for
details). Within this model, we expect continuous spin excitations at low temperature and
activation beyond the gap at high temperature, which are actually observed in the nuclear
spin–lattice relaxation rate 1/T1 for YMn4Al8; metallic T1T = constant behaviour at low
temperatures and exponential increase at high temperatures as seen in figure 3 [21]. Overall
temperature dependences of both susceptibility and 1/T1 can be reproduced well with common
band parameters by applying the model (W = 720 K, � = 620 K and f = 25% for
YMn4Al8). Within this model Tmax gives a rough estimate of the gap width �, although
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the parameters obtained may be less significant in comparing with actual physical quantities
because of the extreme simplification. For LaMn4Al8, a broad inelastic neutron scattering
centred near 30 meV has been reported [14], suggesting a spin excitation spectrum similar
to that of Y(Sc)Mn2 [26, 27] and the presence of spin-liquid-like state in both RMn4Al8 and
YMn2. On the other hand, the dimensionality seems to be of importance for explaining the
quantitative features of the susceptibility. Although we expect smaller Tmax (��) for stronger
electron correlation as known from the correlation between Tmax and γ in (La–Y)Mn4Al8, the
potential Tmax for YMn2 with larger γ is much higher than that of YMn4Al8 with smaller γ .
This is probably because thermally excited spins are compensated better in the 3D tetrahedral
lattice than in 1D spin chains.

Since the gap width, and also overall magnetism, strongly depends on the Mn–Mn bond
length [19, 24], it is suggested that 1D nature of the Mn atomic arrangement is one of the
principal origins of the gap formation in RMn4Al8. In insulating magnets, generally, both
frustration and low dimensionality suppress long-range spin ordering. The present results
evidenced similar effects in the strongly correlated itinerant electron system. The similar
magnetisms of 3D frustrated YMn2 and frustration-free quasi-1D RMn4Al8 support the idea
discussed in section 1: the lowering of the magnetic dimensionality in the 3D frustrated lattice.

3. A spin gap in itinerant electron frustrated magnets

The above results can be interpreted as the frustration and the one dimensionality suppressing
the long-range ordering and stabilizing the spin-liquid or spin-singlet-like state in the itinerant
electron magnets. In general, one may expect the presence of a spin gap in the spin-liquid state.
Neutron scattering experiments, however, were not successful in monitoring the narrow spin
gap in frustrated itinerant electron magnets such as YMn2. On the other hand for RMn4Al8,
the spin excitation density of states formally introduced to explain the susceptibility and
1/T1 can be interpreted as an evidence of the gap formation. The partial filling in the gap
is probably due to the interaction with conduction electrons originating from other metallic
sites and/or the renormalization of the gap to a pseudogap, where in-gap states show heavy
electron mass. As seen above, a nuclear magnetic resonance experiment, as a probe with good
energy resolution, particularly at high temperature, is appropriate for detecting such a narrow
pseudogap. Recently, an activation-type temperature dependence of 1/T1 has been reported
for another itinerant electron 3D frustrated system β-Mn [28]; 1/T1 increases divergently
above ∼150 K deviating from the

√
T dependence expected for the nearly antiferromagnetic

metal. This result may be evidence of the spin-gap formation in the frustrated itinerant electron
magnet. It is interesting to note that, if we observe the susceptibility of β-Mn in detail, it
exhibits a characteristic temperature dependence expected for the system with a spin gap as
shown in figure 4. Since the susceptibility of β-Mn has a large positive temperature independent
term, it is not realistic to analyse with the same model as was used for RMn4Al8. The rather
low Tmax (�150 K), however, suggests a very narrow gap width. In β-Mn, there are two
different crystallographic sites, 12d (Mn II) and 8c (Mn I) sites. We have proposed that the Mn
II site is strongly correlated and geometrically frustrated, and that the Mn I site contributes
to weakly correlated wide 3d bands [29]. The large temperature independent background
of the susceptibility, especially in β-Mn, is probably ascribable to marked renormalization
of the gap due to the strong Mn II–Mn I coupling, as suggested from recent electronic state
calculations [30].

In conclusion, we have pointed out the qualitative similarity between the magnetism of
frustrated YMn2 and that of quasi-1D RMn4Al8. In both the systems, long-range ordering is
suppressed in spite of strong electron correlation, and the spin-liquid-like state is realized. We
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Figure 4. The magnetic susceptibility of β-Mn. The small Curie–Weiss-type upturn at low
temperatures was subtracted. The solid curve was calculated for the background subtracted
susceptibility by assuming square bands separated by a gap with 2� = 540 K.

have discussed the formation of a spin pseudogap as part of the nature of the spin liquid in
itinerant electron magnets, and possible observation via nuclear magnetic relaxation.
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