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2 Geometrical Correlation Project

– in quest for the origin of heavy fermion behavior in 
d-electron systems –

Project Leader: Ryosuke Kadono

2-1 Introduction

Geometrical frustration in electronic degrees 
of freedom such as spin, charge, and orbit, which 
is often realized in the stages of highly symmetric 
crystals, has been one of the major topics in the 
field of condensed matter physics. In particular, 
the heavy fermion (HF) behavior in Y1-xScxMn2 
[Y(Sc)Mn2] [1, 2] and LiV2O4[3, 4]   has attracted 
broad interest, where such a local electronic 
correlation specific to the highly symmetric 
pyrochlore structure may be of direct relevance 
to the formation of the heavy quasiparticle (QP) 
state. However, despite decades of studies, the 
microscopic mechanism by which the local cor-
relation is transformed into the heavy QP mass 
of itinerant d-electrons in these compounds still 
remains controversial.

In general, the development of heavy QPs ac-
companies narrowing of the effective band width 
(W) or an increase in the density of states (DOS) 
at the Fermi energy [D(EF)]. It is thus expected 
from a naive consideration based on Heisenberg’s 
uncertainty principle that the HF behavior should 
manifest itself in the spin dynamics as reduc-
tion of the spin fluctuation rate (ν) because these 
quantities are mutually linked by the following 
relation:

Since the effective QP mass is directly connected 
to the DOS via the relation m * ∝ [D(EF)]

2/3 for a 
three-dimensional (3D) Fermi gas, studies on the 
spin fluctuation with particular emphasis on rela-
tively low energies should provide valuable infor-
mation on the mechanism of heavy QP formation.

As a probe of spin fluctuation, muon spin  

rotation (μSR) has a unique frequency window 
with high sensitivity for 105 ≤ ν  ≤ 1011 s−1, filling 
the gap between those covered by nuclear mag-
netic resonance (NMR) and neutron scattering. 
This provides promising perspectives for the μSR 
study of d-electron HF-like compounds. Here, we 
establish that the longitudinal spin relaxation rate 
(λ  ≡ 1/T1) in the above-mentioned compounds 
exhibits a common feature that it asymptotically 
becomes independent of temperature upon cool-
ing below a crossover temperature of T * ≃ 101–102 
K. This, within the framework of fermionic QPs, 
means that the spin fluctuation rate becomes lin-
early dependent on temperature, ν  ∝ T, which is 
in marked contrast to ordinary metals, where ν  is 
independent of T as determined by the DOS at 
the Fermi level. Considering that the transition-
metal ions in these compounds comprise a py-
rochlore lattice, it is naturally expected that the 
above-mentioned feature in the spin dynamics 
will be specific to the relevant lattice structure. 
We argue that this is indeed the case in that the 
underlying spin dynamics can be understood by 
the spin correlation of the intersecting Hubbard 
chains, which provides a model of the pyrochlore 
lattice. This strongly indicates the crucial role of 
t 2g bands that preserve the one-dimensional (1D) 
character specific to the undistorted pyrochlore 
lattice at low energies, which is consistent with 
a theoretical scenario that the 1D-3D crossover 
due to coupling between these 1D chains devel-
oping at low temperatures is the origin of the HF 
behavior.

In the following, we present an overview 
of our work for Y(Sc)Mn2 [5], YMn2Zn20−xInx [6], 
and LiV2O4 [7, 8], conducted over the past six 
years under “Geometrical Correlation Project”. 
Although the results quoted in this review are 
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mostly concerned with those obtained from μSR 
studies [9], they are supported by collaborations 
with experts on other quantum beam techniques 
including synchrotron radiation and neutron gath-
ered in the Condensed Matter Research Center 
serving as a COE of “multiprobe” researches.

The structure of this review is as follows. For 
sorting out the technical matter, an introduction 
to the muon spin rotation will be presented with 
the primary focus on the longitudinal spin relax-
ation rate (λ ) and the physical quantities extracted 
thereof. Then, the temperature dependence of 
λ  and the associated spin fluctuation rate in the 
abovementoned compounds is discussed in con-
nection with a possible scenario for the origin of 
heavy QPs in these compounds. We also show 
that the anomalous behavior of λ  is accompanied 
by strong broadening of the linewidth under a 
transverse field (λ ⊥ ≡ 1/T2), which is not explained 
by the hyperfine parameters extrapolated from 
their values at high temperatures[10,11]. 

2-2 Muon Spin Relaxation in Itinerant Electron 
Systems

As a probe of spin fluctuation in condensed 
matter, μSR is kin to NMR, primarily because of 
the fact that an implanted muon can be regarded 
as a light radioisotope of a proton (1H). Nonethe-
less, while the physics behind the mechanism of 
spin relaxation is common, there are two major 
factors, i.e., the time windows of observation 
(10−4–100 s for NMR, 10−9–10−5s for μSR) and the 
relevant sites (on-site for NMR, interstitial site for 
μSR), that make these two techniques distinct (or 
even complementary with each other). It would be 
useful to highlight such differences by examining 
the longitudinal spin relaxation rate (1/T1) in simple 
metals.

According to Korringa’s relation, the spin relax-
ation induced by s band electrons is given by

w h e r e  γ e (= 2π × 2 8 0 24 M H z)  a n d  γ μ  (= 2π   
× 135.53 MHz) are the respective gyromagnetic 
ratios of an electron and muon. Ks is the Knight 
shift, which is expressed in terms of the hyperfine 
field (Hs) per electron as

NA is Avogadro’s number, μB is the Bohr mag-
neton, and χ p is the magnetic susceptibility [χ p = 
2μ2

βD(EF) for uncorrelated electrons]. Equation (2) 
may be rewritten as

where Hα is the hyperfine field of electrons at α  
orbitals (α  = s,  p,  d, ...) with Dα (EF) denoting the 
DOS for the corresponding band.

Here, let us consider the example of pure sil-
ver (Ag), in which the muon Knight shift has been 
reported to be Ks = 94(3.5) ppm[12]. Equation (2) 
then yields 

A similar estimation for silver nuclei (e.g., 107Ag, 
where Ks ≃ 0.52%) leads to T1T ≃ 5.93 [K ⋅ s], 
which is comparable to the T1T value for muon. 
Considering the melting point of silver (≃ 103 K), 
it implies that 1/T1 ≤ 103 s −1, which is far below 
the sensitive range for μSR, while it is readily ob-
served by NMR. Thus, the s band electron makes 
a negligible contribution to 1/T1 in μSR.

When the electronic correlation is not negli-
gible, it is useful to resort to a more general form 
of 1/T1 with the relevant spin fluctuation expressed 
by spin density operators,

where ωμ = γ μB0 (B0 being the external field) 
and Aq and S q

±    are the Fourier components of 
the hyperfine field [Aμ(r)] and spin density [Sq

+= 
Σkc*k+q,↑ck,↓,Sq

�=Σkc*k+q,↓ck,↑, with c*k,↑/ck,↓ being 
the creation/annihilation operators for spin 
up(↑)/down(↓) electrons], respectively, [A,B ] = 
½(AB+BA), and  ⟨Q ⟩=Tr[e�(H '/kBT)Q]/Tr[e�(H '/kBT)] (with 
H' being the Hamiltonian of the electron system)
[13]. Imposing the fluctuation-dissipation theorem, 
which links the thermal fluctuation described by 
the correlation function to the imaginary part (dis-
sipation) of the generalized susceptibility,

to Eq. (5) with the further assumption that ℏωμ ≪ 
kBT leads to
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where χ"⟘(q, ωμ) is the imaginary part of the dy-
namical spin susceptibility (perpendicular to the 
quantization axis that is usually determined by 
B0).

The actual form of Aq is determined by Aμ(r) 
(with r =0 at the muon position), and thus it gener-
ally depends on the muon site(s). An exception is 
the case that the hyperfine field is predominantly 
determined by the Fermi contact interaction, Aμ(r) 
≃ Aμ⋅δ (r), so that Aq = Aμ irrespective of q. Equa-
tion (7) is then reduced to

However, such a situation is rare for μSR be-
cause of the small charge of a muon (same as 
that of a proton) and the fact that muons are usu-
ally located at the interstitial sites. Consequently, 
the magnetic dipolar interaction is the primary 
source of hyperfine fields acting on muons,

where r j =(xj,yj,zj) = R j – r with R j being the posi-
tion of the j th electron. More specifically, the ef-
fective hyperfine field in the paramagnetic state is 
given by the second moment

where the corresponding Fourier transform (Aq
αβ)

2
 

can be numerically evaluated for the specific 
muon site(s). An example calculated for q ǁ [110] 
in Y(Sc)Mn2 is shown in Fig. 1(b), where the muon 
is presumed to be at the 16c site [see Fig. 1(a)]. It 
shows a broad distribution with a peak near q ≃ 0 
and a tail over the region |q| ≤ ∼1Å

−1
. A similar re-

sult is observed for the [1-10] direction, indicating 
that Eq. (7) can be approximated by the form

Following the assumption generally adopted 
in NMR that the density spectrum of spin fluctua-
tion is described by the Lorentzian distribution 
function f (ω) with its amplitude represented by the 
local susceptibility χ ,

Eq. (11) is further simplified to

where δμ
‖ is the redefined hyperfine parameter 

and ν  is the fluctuation rate of δμ
‖ at q ≃ 0. The 

above equation is valid when ν  ≫ δμ
‖. Equation 

(12) corresponds to the general assumption in the 
time domain that the correlation of a fluctuating 
hyperfine field can be described by the station-
ary Gaussian–Markovian process in the approxi-
mated form

While μSR  and NMR can be used to ob-
serve the spin fluctuation via the same process 
described by Eq.  (13), their sensitive ranges 

Fig. 1: (a) Crystal structure of Y(Sc)Mn2, where 
Y/Sc and Mn atoms are indicated by green and red 
spheres, respectively. Mn atoms form a network of 
corner-shared tetrahedra known as a pyrochlore 
lattice. A small yellow circle shows the 16c site pre-
sumed to be occupied by implanted muons. (b) Fou-
rier transform of the hyperfine field distribution Âμ

2(r)
in Y(Sc)Mn2 with a 16c site at the origin. (c) Sensi-
tive range of spin fluctuation rate for μSR and NMR 
predicted from Eq. (13), where the hyperfine field is 
presumed to be 10-2–100 T. Note that the sensitive 
ranges for NMR are split into two different ranges, 
where the high-frequency range corresponds to 
the region close to the limit of motional narrowing. 
Dashed curves show λ  for greater external magnetic 
fields (∝ ω μ).
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are markedly different (as already discussed in 
the case of s band electrons). As illustrated in 
Fig. 1(c), the difference stems from the sensi-
tive range of λ  (= 1/T1), which is determined by 
the accessible time window, TW, for the respec-
tive probes (see also Table I). The present study 
benefits greatly from this unique sensitive range 
of μSR to spin fluctuation. We rely on Eq. (13) to 
deduce ν  explicitly from the experimentally deter-
mined longitudinal spin relaxation rate λ .

2-3 Overview of μSR Results
2-3-1 Y(Sc)Mn2

Yittrium manganite (YMn2) is an intermetallic 
Laves phase (C15-type) compound and was the 
first transition-metal system in which HF behavior 
was observed. As shown in Fig. 1, it comprises 
a 3D network of corner-shared tetrahedra with 
Mn ions at their corners, resulting in a scheme 
equivalent to a cubic pyrochlore lattice. Although 
YMn2 exhibits magnetic order with complex helical 
modulation and a large volume expansion below 
TN ≃ 100 K [14], it remains in the paramagnetic 
state under hydrostatic pressure (≥ 0.4 GPa) or 
upon the substitution of Y by Sc (Y1−xScxMn2, with 
x ≥ 0.03), which is also accompanied by a large 
increase in the QP mass (m*  ≃ 15 times the band 
mass) as inferred from the electronic specific 
heat [2].

Our μSR measurements were performed using 
polycrystalline samples of Y1−xScxMn2 with various 
Sc contents (x = 0.03, 0.05, 0.07, and 0.08, as 
prepared) grown from melts in an argon arc fur-
nace followed by annealing, where the details of 
sample preparation are described elsewhere. The 
bulk properties of these samples including the 
electronic specific heat (Sommerfeld) coefficient 
and uniform spin susceptibility (χ ) were in good 
agreement with earlier reports (see Ref.  [5] for 
more details).

Figure 2 shows some examples of time-
dependent μSR spectra at a low temperature 
(≃ 2K), where pairs of spectra obtained at two 
different longitudinal fields (LF, 10mT and 5T) are 
displayed for comparison [5]. The depolarization 

rate (λ) decreases with increasing Sc content x 
and tends to approach an asymptotic value (as it 
exhibits little change between x = 0.07 and 0.08). 
It is also noticeable that λ  is mostly independent 
of the magnitude of the longitudinal field (B0) for 
x ≥ 0.05, while it shows a slight variation with B0 
for x = 0.03. These features can be readily un-
derstood from Eq. (13) introduced in the previous 
section. We also note that Eq. (13) has been suc-
cessfully applied to various types of magnetism 
including that of quasi-1D compounds [16]. Equa-
tion (13) is modified to yield the fluctuation rate  

from the experimental values of λ  and χ , where 
the double sign corresponds to the two cases of 
ν  > ω μ(+)  and ν  < ω μ(�) [see Fig. 1(c)]. The fact 
that the spectra in Fig. 2 are mostly independent 
of ω μ indicates that ν  ≫ ω μ, from which Eq. (13) is 
reduced to yield

The magnitude of  δμ
‖  was determined as the 

gradient of the muon Knight shift (K ) plotted 
against susceptibility (i.e., dK/dχ  in the K-χ  plot), 
for which additional μSR measurements under 
a high transverse field (HTF) were performed on 
freshly synthesized samples with x = 0.05, 0.07, 
and 0.09. [11] The fast Fourier transforms (FFTs) 

Fig. 2: Typical examples of μSR spectra [timede-
pendent asymmetry, A(t)] observed for Y(Sc)Mn2 at 
2 K under two different longitudinal fields [B0 = 10mT 
(circles) and 5T (triangles)], where spectra for x ≥ 
0.05 are shifted vertically by 0.05 with each x for 
clarity. Solid curves show best fits using the func-
tion described in the text. Those for x = 0.03 exhibit 
a slight dependence on B0, from which the hyperfine 
parameter is estimated, whereas the spectra are less 
dependent on B0 for x ≥ 0.05.

Table I: Sensitive ranges of spin fluctuation rate for 
μSR and NMR predicted from Eq. (13). See Fig. 1(c) 
for more details.
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of the HTF-μSR spectra observed for these sam-
ples at various temperatures are shown in Fig. 3. 
These spectra can be used to monitor the density 
distribution of the local internal field at the muon 
site [P(ω μ)] via the relation

where B loc is the local field from nearby electrons. 
The second moment of the local field distribution 
parallel to B0 is directly related to the correspond-
ing hyperfine parameter δ μ (≡ δ μ

⊥ ) as

in the case of isotropic hyperfine fields, where 
(B loc)ǁ is the component of B loc parallel to B0 and 
the overline denotes the mean value. The trans-
verse relaxation rate is then given by

It is noticeable that the spectra become broad 
and asymmetric with decreasing T below T * ∼100 
K, which seems in accordance with the onset of 
the Curie–Weiss behavior of χ  (see Fig. 4 inset). 
The magnitude of the linewidth (λ ⊥ ≃ 2–5 MHz 
at 2 K) is much greater than that expected from 
Eq. (18) with δ μ determined by dK /dχ. Such 
broadening was also reported in the cases of 
LiV2O4[10] and YMn2Zn20−xInx  (see below). The 
nearly identical linewidth for different Sc contents 
x shown in Fig. 3 indicates that the broadening at 
lower temperatures is not due to extrinsic effects 
such as crystallographic randomness owing to the 
Sc substitution or the formation of a spin-glass 

state observed for a smaller Sc content [17]. As is 
discussed in Sect., we attribute this broadening 
to the strong spin fluctuation associated with geo-
metrical frustration. 

Curve fitting of these spectra using the form 

yielded reasonable agreement with data for 
T ≥ T  *  assuming one frequency component 
(m = 1), where A0 is the initial asymmetry, λ ⊥ is 
the transverse spin depolarization rate, and ϕ 0 is 
the initial phase. The Knight shift was then deter-
mined by 

where ω 0 was determined by additional measure-
ments on a reference sample of high purity silver. 
Meanwhile, two frequency components (m = 2) 
were incorporated to obtain satisfactory fits for the 
data below T *.

Some examples of K-χ  plots are shown in 
Fig. 4 [11]. Considering the line broadening at 
lower temperatures, the hyperfine parameters 
are deduced from dK /dχ  for T ≥ T  *  to yield 
δ μ /2π  = −26(3) MHz/μB (x = 0.05),  −47(1) MHz/μB 
(x = 0.07), and −49(1) MHz/μB (x = 0.09), where 
the scattering among different x is probably due to 
the residual influence of the line broadening (note 
that the relative variation of K and χ  is small for 
the relevant temperature region). However, their 
mean value  [δ μ /2π  = −41(2)MHz/μB] is in perfect 

Fig. 3: FFTs of μSR spectra observed at various 
temperatures for Y1-xScxMn2 with (a) x = 0:05, (b) 0.07, 
and (c) 0.09.

Fig. 4: K-χ  plots obtained for Y(Sc)Mn2 with (a) x = 
0:05, (b) 0.07, and (c) 0.09, where the solid lines are 
the results of curve fitting for the data above T*∼ 100 
K. Inset: temperature dependence of magnetic sus-
ceptibility (χ ) used in the K-χ  plot.
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agreement with the calculated value assum-
ing that muons are located at the 16c site [17,18], 
∣δ μ /2π μB ∣ = 40.2 MHz/μB. Although it is inferred 
from the 1H NMR of YMn2 that the hydrogen site 
is the 96g site, which is slightly away from the 16c 
site [19], the calculated value of the muon hyper-
fine parameter (δ μ /2π  = 78.6 MHz/μB) makes it 
unlikely that a muon occupies this site.

The LF-μSR time spectra in Fig. 2 were ana-
lyzed by least-squares curve fitting to deduce λ  
using

where Gz
KT(t) is the Kubo-Toyabe relaxation func-

tion, which is approximated by Gz
KT(t) ≃ 1 for high 

B0, β  is the power, and ap is a constant term. 
Here, we introduce stretched exponential decay 
(β  ≠ 1) to reproduce the deviation of the spin dy-
namics from that described by the model of spin 
correlation with a single value of δ μ

‖ and/or ν  at a 
given temperature [17, 20]. The presence of the 
term ap is clearly inferred in the case of x = 0.03 
from the leveling off of the time spectra for t ≥ 4 
μs (see Fig. 2; as is also needed for x = 0.05). It is 
presumed that these deviations from single expo-
nential decay are related to the strong line broad-
ening observed under a transverse field. Apart 
from this ambiguity, excellent fits were obtained 
in all of the cases with ap fixed to the values de-
duced at 2 K. The solid curves in Fig. 2 represent 
the best fits obtained under these conditions[5].

The temperature dependences of the param-
eters deduced by curve fitting are summarized in 
Fig. 5. Although β  varies only slightly with x, λ  ex-
hibits a clear tendency of becoming less depen-
dent on temperature, i.e.,

with increasing x. Considering the dependence 
of λ  on ν  and χ  in Eq. (13), this means that ν  be-
comes linearly dependent on T with increasing 
x. Meanwhile, the behavior of λ  for x → 0.03 is 
understood as the freezing of the Mn spin fluctua-
tion because the transition to the quasistatic spin-
glass state occurs in the sample with x = 0.03 
below Tg ≃ 3 K (where Tg is defined as the peak 
muon depolarization rate under B0 = 10 mT)[17]. 
The behavior of λ  observed for x ≥ 0.07 shows a 
distinct similarity to that for LiV2O4 [7].

As shown in Fig. 6, the spin fluctuation rate in 

the samples with x ≥ 0.07 is in the range of 109 
–1011s −1 for T ≤ T * , while it shows a steeper re-
duction with decreasing temperature in those with 
x ≤ 0.05. Although the use of stretched exponen-
tial decay in Eq. (22) prevents ν  from being simply 
interpreted as a mean when β  < 1, ν  serves as a 
“characteristic frequency” that describes the spin 
dynamics on the basis of Eq. (13)[20]. Solid lines 
are obtained by curve fitting using the power law

with c and α  being free parameters. As shown 
in the inset of Fig. 6, α  exceeds 2 in the case of 
x = 0.03, whereas it approaches unity (α  → 1) for 
x ≥ 0.07.

Here, it is worth stressing that NMR and 

Fig. 5 : Temperature dependences of (a) depolariza-
tion rate (λ) and power (β) for Y(Sc)Mn2 obtained by 
curve fitting of A(t) for x = 0.03 (circles), 0.05 (trian-
gles), 0.07 (squares), and 0.08 (inverted triangles). β  
for x = 0:08 is fixed at 2 K.

Fig. 6: Spin fluctuation rate (ν) as a function of tem-
perature and Sc content (x) in Y(Sc)Mn2. Solid lines 
are the results of curve fitting using a power law (ν  ∝ 
T

α
). Inset: α  obtained by curve fitting vs x.
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inelastic neutron scattering (INS) studies on the 
paramagnetic phase of Y(Sc)Mn2 conducted thus 
far have mostly been concerned with the relatively 
high energy part of the spin dynamics, where they 
demonstrated the presence of antiferromagnetic 
(AF) correlation with a characteristic frequency 
scale of ν

AF ≃ 1013–1014 s−1[21-25]. In particular, 
a strong hyperfine field exerted on 

55
Mn nuclei 

[corresponding to δ μ
‖ /√2 ≃ 1.2 GHz/μB in Eq. (13)] 

drives the sensitive range of NMR up to such high 
frequencies[23]. Interestingly, the latest INS study 
of a single-crystalline sample (x = 0.03) revealed 
that the intensity centered at approximately Q 0 
= (1.25, 1.25, 0) (in reciprocal lattice units) exhibits 
anisotropic broadening along the Brillouin zone 
boundary, which is interpreted to be due to the 
degeneracy of states associated with geometrical 
frustration[25]. Although this might be reminiscent 
of short-range correlations at a low energy, as 
similarly reported recently for LiV2O4[26], the de-
tails are yet to be clarified.

2-3-2 YMn2Zn20−xInx

One of the bottlenecks in the investiga-
tion of the d -electron HF state has been the 
limited number of candidate compounds that 
exhibit bulk electronic properties attributable 
to heavy-QP formation. Recently, it has been 
reported that a ternary intermetallic compound, 
YMn2Zn20, exhibits a large Sommerfeld coef-
ficient (γ ≥ 200 mJ⋅K−2 mol −1) characteristic to 
the HF compounds [27, 28]. It crystallizes in the 
cubic CeCr2Al20 structure with the space group 
of Fd3m (see Fig. 7), where the Y and Mn atoms 
respectively occupy the 8a and 16d sites, forming 
diamond and pyrochlore lattices that are common 
to the cubic Laves phase Y(Sc)Mn2. Meanwhile, 
Zn atoms at the 16c, 48f, and 96g sites are lo-
cated between the other two atoms, so that the 
pyrochlore lattice composed of the Mn atoms 
is almost doubly expanded in comparison with 
that in Y(Sc)Mn2 while keeping the tetrahedral 
symmetry. Although the compound with this ideal 
composition has not yet been obtained, the partial 
substitution of In for Zn is known to be effective 
for stabilizing the structure.

We have investigated the spin dynamics 
of Mn d-electrons by μSR under a zero/longi-
tudinal field (ZF/LF) in a sample whose chemi-
cal composition is more precisely expressed 
as YMn2+δZn20−15−xInx with x=2.36 [6], where the 

influence of excess Mn appears to be minimal 
[δ  = 0.11(1)] [28]. The sample was a mosaic of 
single crystals glued with varnish on a sample 
holder made of high-purity silver (12mmϕ disc). 
μSR measurements in the range of 300 – 4.2 K 
(using a 4He cryostat) were performed under an 
LF (B0 = 10 mT) to quench the depolarization 
due to random local fields from nuclear magnetic 
moments. Those in the range of 50 K– 0.3 mK 
(with a 3He cryostat) were performed under an LF 
(B0 = 395 mT) to distinguish depolarization due 
to the pyrochlore (on-site) Mn from that due to the 
excess Mn, where the yield of these signals was 
estimated from the field dependence of the LF-
μSR spectra at 0.3 K.

Typical examples of ZF/LF-μSR spectra ob-
tained at 4.2 and 0.3 K are shown in Fig. 8. The 
depolarization rate at 4.2 K is mostly independent 

Fig. 7: (a) Crystal structure of YMn2+δ Zn20-δ -x Inx, 
where Y, Mn, Zn, and In atoms are indicated by blue, 
red, white, and green spheres, respectively. The Zn 
at the 96g site is partially substituted by In to stabilize 
the CeCr2Al20 structure. The actual compound exhib-
its a small amount (δ ) of excess Mn that occupies the 
96g site, where it substitutes for Zn. The Mn-Zn tetra-
hedra form a network similar to the pyrochlorelattice, 
where the local interaction between Mn atoms is rel-
atively weaker than that in Y(Sc)Mn2 owing to the Zn 
atoms situated between the Mn atoms. (b) Expected 
muon site at the center of the Mn tetrahedra (8b site) 
is shown.

Fig. 8: ZF/LF-μSR time spectra of YMn2+δ Zn20−δ −xInx 

with x=2.36(δ = 0.11) measured at (a) 4.2 K and (b) 
300 mK. Solid curves are best fits using Eq.  (22]). 
The asymmetry of the spectrum under an LF of 
B0 = 395 mT at 4.2 K is adjusted for comparison with 
the spectrum under an LF of B0 = 10 mT.
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of B0 (λ  is unchanged between 10 and 395 mT), 
indicating that the spectra are in the limit of mo-
tional narrowing. These spectra were analyzed 
by curve fitting using Eq.  (22), where β  = 1 and 
ap was replaced with Ab as the time-independent 
background mainly originating from muons 
stopped in the sample holder. The signal-to-back-
ground ratio (A0/Ab) was ∼3.8 for the 4He cryostat 
and ∼3 for the 3He cryostat over a time range of 
0 –20 μs, allowing the reliable deduction of λ  at 
small values (∼ 10 −2μs −1).

While we have successfully estimated the 
contribution of on-site Mn from the total magnetic 
susceptibility assuming two components of the 
Curie–Weiss term with one (χδ  → 0) correspond-
ing to the limit of δ  = 0 [28], it is often difficult to 
identify the contributions of the magnetic ions in 
question among those from impurities that also 
exhibit Curie–Weiss-like behavior. The true contri-
bution of the on-site Mn was confirmed by muon 
Knight shift measurements [29], as was the case 
for Y(Sc)Mn2. The HTF-μSR spectra showed two 
frequency components with relative intensities 
of approximately 7 to 3, which was consistent 
with the values indicated from the partial asym-
metries of the corresponding components in the 
LF-μSR spectra. The time spectra were then ana-
lyzed by curve fitting using Eq. (19) assuming two 
components.

The muon Knight shift (K i) for each signal was 
obtained by Eq.  (20) (m = 2), where the ratio of 
the signal amplitudes was consistent with that 
observed in the ZF/LF-μSR spectra, in which the 
contributions of the pyrochlore (on-site) and ex-
cess Mn were readily identified. This allowed us 
to unambiguously attribute the signal K1 to the in-
trinsic pyrochlore Mn. Curve fitting by the Curie–
Weiss law yielded ∣ C ∣  = 0.0036(3) emu⋅K/mol 
and θ W =13(2)K, which showed nearly perfect 
agreement with χδ  → 0 in the temperature depen-
dence. Consequently, as shown in Fig. 9, the K1 
versus χδ  → 0 plot exhibited a linear relationship 
with dK1/dχδ  → 0 = −13.1(6) MHz/μB with a small 
offset of K0 = 13.5(4) ppm, indicating that χδ  → 0 in-
deed originated from the on-site Mn. Meanwhile, 
assuming that muons are located at the centers 
of Mn tetrahedra [8b site, shown in Fig. 7(b)], δ μ

‖ 

is calculated using the dipolar tensor for the Mn 
spins situated at the nearest- and next-nearest-
neighboring tetrahedra to yield ∣δ μ

‖∣ = 2π  × 2.65 
MHz/μB, which is in reasonable agreement with 
the experimental value.

The potential influence of excess Mn can be 
avoided by employing values of λ  obtained from 
data under an LF with magnitude greater than 
100 mT. As shown in Fig. 10(a), λ  tends to level 
off (λ  ∝ T

0
) for T ≤ T * , which strongly resembles 

the case of Y(Sc)Mn2 with x ≥ 0.07. Combin-
ing this result with χδ  → 0 and δ μ, we obtain ν  vs T 
using Eq. (13) as shown in Fig. 10(b). The linear 
temperature dependence of ν  emerges below 
T * ∼ 10 K, confirming our previous result [6] with 
improved reliability. Curve fitting using the power 
law [Eq. (24)] yields α  = 1.03(3)[29], which is again 
consistent with the case of Y(Sc)Mn2. It is notice-
able that ν  exhibits a clear kink around T * ≃ 10 K, 

Fig. 9: Muon Knight shift (K1) versus magnetic 
susceptibility (χ δ →0) for intrinsic pyrochlore Mn in 
YMn2+δ Zn20-δ -xInx.

Fig. 10: Temperature dependence of (a) longitudinal 
spin relaxation rate (λ) and (b) spin fluctuation rate (ν) 
in YMn2+δ Zn20-δ -xInx with x =2.36 (δ = 0.11). The solid 
curves in (b) are results of least-squares fitting using 
a power law (ν  ∝ T

α
) for the range of temperatures 

above and below T *.
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below which ν  becomes linearly dependent on T. 
Thus, T * may be regarded as a crossover temper-
ature below which the spin fluctuation is predomi-
nantly determined by the mechanism common to 
Y(Sc)Mn2.

We also note that λ ⊥
(1) (the depolarization rate of 

the signal corresponding to the on-site Mn under 
a transverse field) was in the range of 1–2 MHz 
below ∼30 K whih was much greater than that ex-
pected from the magnitude of λ  [ ≤ 0.02 MHz, see 
Fig. 10(a)], indicating the presence of additional 
line broadening due to the spin fluctuation associ-
ated with geometrical frustration in χ local, as is also 
observed in Y(Sc)Mn2 and LiV2O4.

2-3-3 LiV2O4

Lithium vanadate is the only compound that 
exhibits HF behavior among the numerous metal 
oxides so far studied, and therefore it has at-
tracted much attention since its discovery in the 
late ’90s. [3, 4] The formation of a heavy-QP state 
below a characteristic temperature (TK ≃ 20 –30 K) 
is suggested by its large Sommerfeld coefficient 
(γ  ≃ 420 mJ/mol⋅K2) and other bulk properties that 
are hallmarks of typical f-electron HF compounds. 
Moreover, it has been inferred from the result of 
recent photoemission spectroscopy examination 
that a DOS peak slightly above EF develops for T 
< TK. [30]

In our previous μSR study, we showed using 
a powder specimen of LiV2O4  that the observed 
μSR spectra consisted of two components that 
could be distinguished by the response of the de-
polarization rate to an external magnetic field (B0).
[7] Furthermore, the component that exhibited 
the weaker dependence on B0 (with longitudinal 
spin relaxation rate λ D and fractional yield f ≃ 0.4) 
was mostly independent of temperature below 
T * ∼ 102K, from which we suggested that the cor-
responding fluctuation rate derived from the Red-
field theory for the local spin systems was also 
independent of temperature (ν

D
 > 109s −1). In con-

trast, the depolarization rate associated with the 
other signal (λ S, with 1− f  ≃0.6) was readily sup-
pressed by B0, which was ascribed to slowly fluc-
tuating local magnetic moments(ν

S ∼ 106–107s −1). 

Although the occurrence of such phase separa-
tion was confirmed by a subsequent μSR study 
of high-quality single-crystalline samples, the in-
creased yield f ( ≃ 0.8) implied that clarifying the 
origin of ν

D
 was essential to our understanding of 

the electronic state.[10]
Figure 11 shows the muon depolarization rate 

(λ D) under a zero external field, deduced by curve 
fitting using the sum of two components with ex-
ponential damping: [7] 

Although the data are scarce, particularly at 
higher temperatures, λ D is only weakly dependent 
on temperature with a tendency to level off with 
decreasing temperature, which is qualitatively 
similar to the behavior of χ V (Fig. 11, inset). These 
features are remarkably similar to those observed 
for Y(Sc)Mn2 (x ≥ 0.07) and YMn2Zn20−xInx.

A more appropriate evaluation of ν D from λ D 
using Eq. (13) for an itinerant system was recently 
carried out. [8] Since the muon Knight shift data 
obtained from the previous μSR measurement 
were not sufficient to evaluate the temperature 
dependence of K i for the relevant component 
(particularly at low temperatures), [7] we extracted 
it from the bulk susceptibility (χ ). More specifi-
cally, considering the behavior of χ  observed in 
single-crystalline samples, which tends to satu-
rate at lower temperatures[4, 31] we attributed the 
divergent behavior of χ  at T → 0 to unknown para-
magnetic impurities (obeying the Curie law) and 
decomposed the data into two parts:

where θ W is the Weiss temperature. Curve fitting 
using Eq.  (25) yielded CV=0.387(5) emu⋅K/mol, 

Fig. 11: Muon depolarization rate in LiV2O4 re-
produced using data in Ref. [7] for the component 
showing fast fluctuation (ν D). Inset: Temperature (T ) 
dependence of χ  with T having a logarithmic scale. 
Solid curves are results of curve fitting assuming two 
components, where the curve approaching 0.005 
emu/mol is attributed to the intrinsic contribution of V 
(χ V, see text for more details).
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θ W = −74(2) K, and Cimp =0.0131(2) emu⋅K/mol, im-
plying that the behavior of χ V was in good agree-
ment with that of single crystals [thus, we use 
χ  =χ V in Eq.  (13)]. Assuming that the Curie term 
originates from free V spins (V3.5 + ∼1.5μB), the 
fractional yield of the impurity phase estimated 
as C imp/T was 1.6% of the total volume. This was 
much smaller than that of primary μSR signals 
(either f or 1 − f with f ≃ 0.4), indicating that the 
paramagnetism of the impurity phase was irrel-
evant to the interpretation of μSR data.

Another important quantity in Eq.  (13) is δ μ
‖. 

The muon Knight shift measurements of both 
powder and single-crystalline samples yielded 
δ ‖

μ(D)  ≃ 0.5 ± 0.2 GHz/μB, which corresponds to 
the component from which ν

D
 was deduced.[7,10] 

Apart from the large error due to the broad line-
width, this δ ‖

μ(D) 
 was in good agreement with the 

calculated δ ‖
μ(D) 

 of 0.143 GHz/μB for muons that 
occupy a site at the center of a cyclic vanadium 
hexamer (as inferred from the observed μSR line-
width due to nuclear magnetic moments at high 
temperatures) and are subject to the magnetic 
dipolar fields from vanadium ions. [7] Since the 
experimental value of the hyperfine parameter 
had a large uncertainty due to the broad linewidth, 
we used the calculated value for the evaluation of 
ν D[8].

The reevaluated ν D is plotted in Fig. 12 to-
gether with INS data,[32] where one can observe 
that ν D lies on a straight line, indicating its pro-
portional relationship with temperature (ν D ∝ T ) 
over a T range of three decades below T *. This 
is again strikingly similar to the behavior of the 

spin fluctuation rate observed in Y(Sc)Mn2 and 
YMn2Zn20−xInx at lower temperatures (T < T * ). We 
also note that the corresponding low-energy exci-
tation (also suggested in an earlier neutron scat-
tering study[33]) has been confirmed by a recent 
INS experiment on high-quality samples[26].

2-4 Discussion
2-4-1 Spin fluctuation rate

As mentioned earlier, the heavy QP mass is 
phenomenologically understood to originate from 
the sharp increase in the DOS slightly above the 
Fermi level and the associated flattening of the 
band dispersion, i.e., D(EF) ∝ (m*)

σ→ ∞ (with σ  de-
termined by the dispersion relation of electrons). 
In rare-earth compounds, such enhancement 
is induced by the conversion of local f-electron 
degrees of freedom into D(E) by the Kondo ef-
fect, which is observed as a peak structure of 
D(E) near EF. The observation of such a structure 
(∼4 meV above EF) in LiV2O4 by photoemission 
spectroscopy [30] appears to favor the Kondo 
mechanism established for f-electron compounds 
as a common microscopic origin of the HF behav-
ior in the relevant compounds. However, further 
attempts to obtain support for this scenario have 
been elusive. A theoretical model to project d-
electron states (1.5 electrons per V3.5+  ion) onto 
the Kondo model by splitting them into two sub-
bands by electronic correlation had to introduce 
an unusually large Kondo coupling (JK ∼ 103 K) to 
overcome the competing effect of Hund coupling.
[34, 35] Our μSR study of a single-crystalline 
sample provided evidence against the formation 
of a spin-singlet state as it showed the presence 
of the local vanadium moments at low tempera-
tures far below T * ≃ TK (interpreted as the Kondo 
temperature), where the “local” spins would disap-
pear in this scenario. [7,10] From this view point, 
the importance of a highly symmetric crystal 
structure and the potential influence of geometri-
cal frustration have been stressed by various 
authors, leading to a wide variety of theoretical 
models.[36 -45]

The coexistence of slowly fluctuating local 
moments with the heavy-QP state at low tem-
peratures in Y(Sc)Mn2 and YMn2Zn20−xInx  supports 
the above-mentioned argument for LiV2O4. The 
presence of local moments over the relatively 
long time range of ν  −1 ≃ 10−11–10−9s indicates that 
the  conventional Kondo coupling (which virtually 

Fig. 12: Spin fluctuation rate (ν) in LiV2O4 as a func-
tion of temperature. The thin solid line shows a linear 
T dependence (ν  ∝ T ). Inelastic neutron scatter-
ing data are also shown for comparison, where the 
dashed curve shows the linewidth (Γq − Γ0)/h at Qc = 

0.64 Å-1 with Γ0 ≃ 1.5 meV.[32]
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elimi-nates local spins over a time scale longer 
than ν -1

ex = h/Jcf ∿ 10–14– 10–13s, where Jcf is the ex-
change energy between conduction electrons and 
f electrons) is not in effect, thereby suggesting 
a different origin of the heavy-QP state in these 
compounds.

According to a theoretical investigation of in-
tersecting Hubbard chains as a model of the py-
rochlore sublattice in LiV2O4, the low-energy part 
of the spin dynamics is predicted to be described 
by a spin-spin correlation whose relaxation rate is 
proportional to temperature[46]. The behavior

which is commonly observed in LiV2O4, 
Y(Sc)Mn2 (x ≥ 0.07, where the system is far from 
the spin-glass instability), and YMn2Zn20−xInx at 
lower temperatures, is perfectly consistent with 
the above prediction, suggesting that the t2g or-
bitals associated with Mn/V atoms retain their 
1D character at low temperatures (energies). 
In particular, the spin fluctuation rate (ν

D
) in 

LiV2O4 deduced from μSR  is perfectly in line with 
the relaxation rate (ΓQ ∝ T for T < 102 K) observed 
over the low-energy region of the INS spec-
trum[32]. This implies that both μSR (sensitive 
over 0 ≤ |q| ≤ ∼ 1Å−1) and INS probe common 
parts of the spin fluctuation spectrum of LiV2O4, 
suggesting that a similar situation is realized for 
Y(Sc)Mn2 and YMn2Zn20−xInx. Phenomenologically, 
this may be interpreted to mean that the heavy 
QPs develop in the manner D (EF) ∝ (m*)σ ∝ 1/T at 
lower temperatures.

Among the many theoretical models for the 
microscopic origin of the HF state in LiV2O4, that 
proposed by Fujimoto regards the quasi-1D char-
acter of the t2g bands associated with the pyro-
chlore lattice (consisting of intersecting chains of 
t2g orbitals) as an essential basis for the descrip-
tion of the electronic state as it is expected that 
the hybridization between the 1D bands will be 
strongly suppressed owing to the geometrical 
configuration (frustration)[40]. This model incorpo-
rates the hybridization as a perturbation to the 1D 
Hubbard bands, which yields an energy scale (T * ) 
that characterizes the crossover from 1D to 3D 
as the Fermi liquid state develops with decreas-
ing temperature below T *. The calculated specific 
heat coefficient taking account of the latter as the 
leading correction to the self-energy yields a large 
value that is consistent with the experimentally 
observed values. The progression of hybridization 

also induces the enhancement of the 3D-like spin 
correlation, which should appear as the enhance-
ment of uniform susceptibility for T < T * , while 
the spin fluctuation is dominated by the staggered 
component of 1D Hubbard chains.

2-4-2 Anomalous broadening of TF-μSR 
Spectra

Here we discuss the origin of the strong 
broadening of the TF-μSR linewidth observed in 
Y(Sc)Mn2 at lower tempertures (T < T * ), which is 
also expected to be relevant to the other two com-
pounds. Since the muon site has a 3m point sym-
metry for the cubic Fd3m structure, the presumed 
muon site suggests a powder pattern for P(ω) that 
is characterized by two singularities (edges) at 
ω ⊥ and ω ǁ due to the uniaxially anisotropic dipolar 
fields[47],

(see the inset of Fig. 13). Accordingly, we attempt 
to reproduce TF-μSR time spectra by curve fitt-
ting using the following form:

where stretched exponential damping was incor-
porated to consider the additional line broadening 
due to spin fluctuation.

Figure 13 shows result of such curve fitting for 
a time spectrum obtained at 2 K in the time do-
main with the inset showing the calculated P(ω) 
for (i) isotropic local spin susceptibility (black dot-
ted curve) and (ii) assuming in-plane anisotropy 
(blue dashed curve), where the Mn moments are 
allowed to fluctuate within the easy plane perpen-
dicular to the threefold rotation-inversion axis on 
the Mn site (which is parallel to the [111] direction). 
The latter means that the local spin susceptibil-
ity probed by a muon strongly depends on the 
field direction. Then, the local spin susceptibility 
becomes considerably greater than the isotropic 
case when the external field is parallel to the prin-
cipal axis, and thereby χ  in Eq.  (18]) should be 
replaced with the anisotropic χ local (thus enhanc-
ing λ ⊥ ). The main panel of Fig. 13 shows the cor-
responding A(t) = A0Gx(t) (black dotted and blue 
broken curves) calculated for the respective P(ω) 
using the parameters A0, λ , β, and ϕ 0 obtained 
from the curve fitting using Eq.  (28). One can 
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observe that the spectrum is not reproduced by 
the two types of calculated curve and that further 
broadening is required. This clearly indicates the 
occurrence of excess line broadening, which is 
not explained by the anisotropy of the Knight shift.

We note that a similar result was obtained for 
the TF-μSR time spectra in LiV2O4. [10] In order 
to get more insight into this issue, we recently 
performed TF-μSR measurements for newly syn-
thesized single-crystalline LiV2O4, and found that 
λ ⊥ (corresponding λ D under a longitudinal field) 
is strongly enhanced by increasing the external 
field (BTF). [48] As shown in Fig. 14, λ ⊥  exhibits 
monotonous increase in proportion to BTF, where 
the value linearly extrapolated to 1.0T [= 2.43(9) 
MHz] is in perfect agreement with that previously 
observed.[10] We also examined the existing data 
for Y1−xScxMn2 to find a similar trend, as inferred 
from the data at 30 K. These observations sug-
gest the occurrence of a field-induced staggered 
magnetism in accordance with the slowing down 
of spin fluctuation. Considering Eq. (18) with the 
situation ν  ≫ ω μ for the relevant field range, the 
field-induced effect must have a strong uniaxial 
anisotropy along with the field orientation to yield 
the relation (δ μ

⊥)2 > (δ μ
‖)2. This is understood by 

taking account of the fact that the Zeeman energy 
for a free electron spin is comparable to that cor-
responding to the spin fluctuation rate under a 
relevant magnetic field (10−2–100 meV). It is then 

likely that the external field would tend to sup-
press the spin fluctuation perpendicular to the 
field, while it leads to the increase of the mean 
value for the parallel component.

Thus, the increase in λ ⊥ for T < T *  is a com-
mon trait in Y(Sc)Mn2, YMn2Zn20−xInx, and LiV2O4, 
and it is expected to be an important clue to 
understanding the HF-like behavior of these 
pyrochlore antiferromagnets in terms of spin 
fluctuation.

2-5. Summary and Conclusion

We have shown that the longitudinal spin 
relaxation rate in the d-electron HF-like com-
pounds commonly exhibits a tendency to level 
off, λ  = 1/T1 ∝ T0, below a characteristic tempera-
ture T *. This implies that the spin fluctuation rate 
becomes linearly dependent on temperature, 
ν  ∝ T, in these compounds for T < T *. In particu-
lar, such behavior in LiV2O4 is consistent with the 
implications of INS experiments, providing a basis 
for the coherent understanding of the low-energy 
spin dynamics through the theoretical model of 
intersecting 1D Hubbard chains that simulates 
a pyrochlore lattice. The persistent quasi-1D 
spin dynamics coexists with the enhanced local 
susceptibility at lower temperatures (T < T  *), 
which is also common to two other d-electron HF 
systems, Y(Sc)Mn2 and YMn2Zn20−xInx. These ob-
servations strongly indicate that a geometrically 
constrained t2g band is the primary requirement 
for the formation of heavy QPs, with the 1D-to-3D 
crossover as a possible mechanism of effective 
mass enhancement.
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