
• 目的 
• 物質中のμ＋の位置と電子系への結合を計算し、 

J-PARC MLF他の加速器実験の結果と比べる。 

• 手段と結果 

1. ハートレーポテンシャル(HP)計算（CPUTime～5min） 

2. 分子動力学(MD)計算（CPUTime～1hour） 

3. 格子上全エネルギー計算（CPUTime～10min×mesh） 

4. 格子緩和付き MD or 全エネルギー 

5. μ+自身の量子力学計算
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• すべてハートレーポテンシャル計算 

• 物質パラメータだけで計算可能で早い。
CPUTime<5min 

• Bader 荷電解析が可能

鉄砒素系超伝導体
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まだ近似は荒いが、物質中のミュオン粒子の 

理論位置をビーム実験の解釈に用い始めた。
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inhomogeneous magnetic state appears in the ground state of
Sr2VO4.

The inset of Fig. 7(b) shows the earlier part of the ZF-µSR
spectrum at 30 mK. As mentioned above, the GKT and LKT
functions are widely attributed to the µSR spectra for random
magnetism in dense and diluted spin systems. However, the
ZF spectrum at 30 mK lacks a decrease that usually precedes
the asymptotic tail for the GKT function, although it exhibits
a Gaussian-like initial depolarization. We attributed this to a
broad distribution of Bloc, which is not characterized by a single
root-mean-square width, and adopted the Gaussian-broadened
Gaussian (GbG) function as a recursive function for the curve
fitting [19–21].

The GbG function is described as one of the generalized
forms of the GKT function, where ! in Eq. (2) has a
distribution with the mean value !0 and root-mean-square
width W . GGbG(t) for ZF is written as

GGbG(t) = 1
3

+ 2
3

!
1

1 + R2!2
0t

2

"3/2!
1 − !2

0t
2

1 + R2!2
0t

2

"

× exp
!

− !2
0t

2

2(1 + R2!2
0t

2)

"
, (5)

where R is the ratio of the distribution width, and R = W/!0.
For R = 0, the GbG function is identical to the GKT function
with a deep minimum after the initial depolarization. The depth
of the minimum decreases with increasing R and becomes
almost independent of R for R > 1. Thus we imposed the
condition 0 ! R ! 1 in the following analysis. We note that
the GbG function does not approach the LKT function, even
for R ≫ 1.

For the curve fitting, we presume that G(t) is primarily
described by the product of the GbG function and a slow
exponential decay due to the persistent spin dynamics in
addition to a supplementary term for exponential damping:

G(t) = f GGbG(t)e−λt + (1 − f )e−λextt , (6)

where f is the volume fraction exhibiting inhomogeneous
magnetism, and λ is the relaxation rate reflecting the spin
dynamics. The second exponential term with the relaxation
rate λext is for extrinsic contributions originating from the
magnetically ordered state region with relatively fast persistent
dynamics, which makes the above muon spin depolarization
model unreasonable. The T dependence of f is plotted in
the inset of Fig. 8. The inhomogeneous magnetism develops
over the almost entire volume of the sample below 6 K.
We obtained R = 0.7(1) below 4.2 K, whereas R is unity at
higher temperatures. This discrepancy might be caused by the
lack of data for t ∼ 0.1 µs that is masked by the limited time
resolution of the pulsed muon beam (∼100 ns). We note that the
dynamical LKT function and dynamical spin glass models [18]
could not reproduce the spectra over the early time range.

The absence of decrease in the µSR time spectra tells
us important aspects of the magnetic ground state. Noakes
et al. reproduced the shallow decrease in the GbG function
by assuming a local field distribution having excess low-field
sites [19,20]. This implies that the magnetic ordered state is
accompanied by a large modulation of the ordered moment
magnitude. They also investigated the relationship between R
and the correlation length by Monte Carlo simulation. On the

FIG. 8. (Color online) (a) Crystal structure of Sr2VO4 with the
minimum regions of the electrostatic potential. The yellow regions
define the expected muon site from our Hartree potential calculation
by VASP code [22]. This figure is drawn by VESTA [28]. (b)
Temperature dependencies of !0 (left axis) and the relaxation rate
λ (right axis). The inset shows the temperature dependence of the
volume fraction f , showing the inhomogeneous magnetism.

basis of their results, R ∼ 0.7 corresponds to a correlation
length of ∼4 nm. Imai et al. predicted that the spin and
orbital correlation functions are reduced as the system size
increases [13,14]. This result suggests that the correlation
length of the spin and orbital degrees of freedom are finitely
limited. Our result strongly supports their predictions.

The T dependence of !0 and λ are shown in Fig. 8(b).
!0 behaves like an order parameter below Tc0, approaching
10.3(6) µs−1 at 30 mK. From this value, we can extract a
mean field at the muon site, !0/γµ = 12.1(7) mT. According
to our Hartree potential calculation by using the Vienna ab
initio simulation package (VASP) [22], the potential minima
for a muon are located around the (0.50, 0.24, 0.69) position,
as shown in Fig. 8(a). Assuming randomly oriented 1µB V
d-electron moments, we obtained ⟨B2

loc⟩1/2 ∼ 52 mT/µB at
the relevant muon site. Thus we roughly estimate the ordered
moment at the V site to be ∼0.2µB. This value is much smaller
than the dipole moment for the V4+(3d1) ion with quenching of
the orbital moment, µeff ∼ 1.7µB for S = 1/2. On the other
hand, λ slightly decreases with decreasing T indicating the
gradual suppression of the persistent dynamics. However, we
observed finite residual magnetic fluctuation even at 30 mK.
Persistent spin dynamics have been observed for the magnetic
ordered state of several geometrically frustrated magnetic
systems [23–27].

Finally, we briefly discuss the origin of the inhomogeneous
magnetism. As shown in Fig. 1(a), the magnetization data
suggest the existence of the oxygen off-stoichiometry in
sample A, which is used in the present µSR experiment.
However, we could not find any line broadenings and addi-
tional peaks in the SR-XRD pattern for sample A, as shown in
Fig. 2. This indicates that there are no severe deformation
and crystallographic randomness due to the oxygen off-
stoichiometry in sample A. From these results, we can consider
that the inhomogeneous magnetism might have an intrinsic
origin, although we would observe a quantitative difference
in the field distribution, correlation length, and relaxation rate
depending on the magnitude of the oxygen off-stoichiometry.
Imai et al. also revealed that there is severe competition

064408-6

←ミュオン 
位置

磁性体 Sr2VO4


