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The Kondo semiconductor CeT2Al10 (T = Ru, Os)
with an orthorhombic-type structure shows a unique
antiferromagnetic (AFM) order at T0 ∼ 30 K.1,2) This
compound exhibits numerous unusual electronic prop-
erties that can be ascribed to the strong electron corre-
lation between conduction and localized 4f electrons,
namely, the c − f hybridization effect, by which a
renormalized quasi-particle state with heavy effective
electron mass is formed in the case of many Ce- or
Yb-based intermetallic compounds. However, in the
class of materials known as the Kondo semiconductors
or insulators, a temperature-dependent energy gap is
formed instead. One of the most salient features of
this system is magnetic anisotropy in the AFM or-
dered state. Since the magnetic susceptibility shows
a large anisotropy of χa�χc�χb, an AFM ordered
moment (mAF) is expected to be parallel to the a-axis
in the AFM ordered state. However, mAF‖c is real-
ized, as was revealed by neutron scattering and 27Al
NMR/NQR studies.3–5) The AFM structure is not ro-
bust and is easily tuned by magnetic field4), pressure6),
or chemical doping.7–9) This indicates that magnetic
exchange interactions are not a key parameter for this
magnetic ordering, but there could be an unknown pa-
rameter related to the strong c−f hybridization effect,
which must be related to the extraordinary high tran-
sition temperature of T0 ∼30 K.
We previously performed µSR experiments on the

above undoped and Rh-doped CeRu2Al10. The re-
sults have been published elsewhere.9) One of the resid-
ual problems is the serious inconsistency in the tem-
perature dependence of internal fields (Hint) between
two muon sites, that is, one component shows a usual
mean-field behavior, but the other does not. To ad-
dress this problem, we planned to perform zero-field
µSR on related antiferromagnets with more localized
4f -electron character, RRu2Al10 (R = Nd, Sm, and
Gd). These compounds are worthy of investigation for
their AFM ordered state; for instance, in the sample R
= Gd, mAF is suggested to be parallel to the [011] di-
rection, although a simple dipole-field calculation sug-
gests that mAF prefers the a-axis direction.10) In ref.
9, a possible origin of this discrepancy was suggested
to be the zig-zag chain structure of Gd sites along the
c-axis direction.

Figure 1 shows the zero-field time spectra of
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Fig. 1. Zero-field time spectra of GdRu2Al10 at T = 20 and

15 K under double-pulse-beam condition.

GdRu2Al10 at T = 20 K and 15 K; the data were
recorded under double-pulse-beam condition. We
found that the initial asymmetry is reduced when the
temperature is lowered below the AFM transition tem-
perature of TN = 17 K. This is clear evidence for mag-
netic ordering. Since Hint is expected to be large be-
cause of the large magnetic moment of Gd-4f elec-
trons, we should use single-pulse condition with much
greater time resolution than that of the double-pulse
condition. However, we had to use the double-pulse
condition within our beam time because we could not
break the extrinsic noise resulting from the kicker op-
eration. Within the present resolution, we could not
identify any muon-spin precession behavior, and thus,
from the zero field measurement, we could not obtain
quantitative information on Hint.
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Hybrid materials consisting of metal and organic 
components have recently attracted considerable attention 
because they have lots of possibilities for tailoring their 
functionalities and physical properties by adjusting their 
metal and/or organic building blocks [1]. The organic 
component can be used not only to bind the metal 
components but also to control the connectivity between the 
metal components and to manipulate their dimensionality 
[2]. One of the interesting type of hybrid materials is the 
magnetic hybrid with perovskite-type transition metal salt 
with a chemical formula such as (C2H5NH3)2CuCl4 (EA) 
and (C6H5CH2CH2NH3)2 CuCl4 (PEA) [3]. We have carried 
out µSR measurements on both materials at the RIKEN- 
RAL muon facilities. The results revealed the appearance of 
clear muon spin precession under the zero-field condition in 
magnetically ordered states. This observation provided 
evidence of the formation of long-range magnetic ordering 
of Cu spins. The internal field at the muon site was 
determined from the muon-spin precession frequency to be 
approximately 200 G at 4 K in both systems. In the case of 
PEA, a fast-depolarized component in an earlier time region 
was observed from room temperature down to 4 K. This 
fast depolarized component was not decoupled even in 
fields of a couple of Tesla, showing the existence of a 
possible muon state that is strongly coupled with the 
surrounding electrons via radical formation. Such a state 
was not observed in EA. The dipole-dipole interaction is too 
weak to trigger the 3D magnetic ordered state because of 
the large distance between the CuCl6 layers. 
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Figure 2. (a)Calculation results of the potential energy by using the density functional theory
on (C2H5NH3)2CuCl4 (EA). (b)(c)Expanded picture of the CuCl6 octahedra with estimated
minimum potential positions which are drawn by isosurfaces. Isosurfaces in (b) and (c) show
the potential energy areas which are 337 and 455 meV higher than from the minimum potential
position A1, respectively.

positions were named as A1 to A4 and B1 to B2 following the same definition in the case of EA
as indicated in Fig. 3(b) and (c).

In addition to those six potential minimum positions, two more positions appeared in and
on the phenyl ring of PEA. Those two positions are shown in Fig. 3(d) named as C1 and C2.
The C1 position is almost on the C-H bond of the phenyl ring. The C2 position is within the
phenyl ring. Potential energies at C1 and C2 sites were about 0.5 eV higher than others and
the di↵erence in the potential energy between the two position was about 0.1 eV.

Comparing results achieved in EA and PEA, it was found that positions from A1 to A3, B1
and B2 are quite similar in those systems. This fact means that the electrostatic potential around
the CuCl6 octahedra is similar in both of EA and PEA. It can be supposed that muon positions
around CuCl6 octahedra are similar and that surrounding organic parts do not a↵ect muon
positions around CuCl6 octahedra. Since di↵erences in the potential energy among estimated
positions are not so big and was about a hundred of meV, all positions around CuCl6 octahedra
can be preferences for injected muons to be initially trapped. Those positions are expected to
correspond to those which show the muon-spin precession in the zero-field condition as observed
in our previous µSR experiment [8]. It should be noted that the final muon positions must be
di↵erent from those estimated in the current study. We have not yet taken into account local
relaxation e↵ects of lattice which are caused by injected muons. We also did not include the
e↵ect of the zero-point vibration motion of the muon itself. Those e↵ects relax initial muon
positions and lead to the deformation of the crystal structure minimizing the total energy and

 
Fig. 1. Crystal structure of EA is shown with Cu ions 
represented by blue balls and Cl ions by green balls. The 
isosurface of the electrostatic potential for 455 meV (right) 
represents the localization volume for muon site positions. 
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In order to gain an understanding of the magnetic 
properties of EA and PEA, we are now attempting to reveal 
the muon positions. We determine the spin alignment by 
comparing the experimental results with the muon positions 
estimated using the computational techniques on the basis 
of the assumption that internal fields at the muon site are 
caused by dipole fields from surrounding magnetic 
moments. We present the results of the first trial to apply 
density functional theory (DFT) method [4] to EA and PEA 
in order to reveal the minimum energy positions that could 
facilitate muon injection. The estimation of the potential 
minimum positions was carried within the DFT framework 
as implemented in the Vienna ab-initio simulation package 
(VASP) [5] using the RICC supercomputer. 
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Figure 3. (a) Calculation results of the potential energy on (C6H5CH2CH2NH3)2CuCl4 (PEA).
(b)(c) Expanded pictures of the CuCl6 octahedra with estimated minimum potential positions
which are drawn by isofurfaces. (d) Expanded picture of organic components around the phenyl
ring. Two potential minimum positions in and on the phenyl ring are drawn by isosfurfaces as
well. Isosurfaces in (b), (c) and (d) show potential energy areas which are 195, 425 and 1,025
meV higher than that of the minimum potential position, respectively.

to the relaxation of muon positions. More calculation e↵orts are being undertaken to estimate
final muon positions in EA and PEA taking into account those local relaxation e↵ects.

On the other hand, C1 and C2 which are estimated in PEA around the phenyl ring can give
di↵erent muon states from others. As has been well discussed, the injected muon prefers to
form a radical state around the phenyl ring on which ⇡ electrons are delocalized over the ring
[14]. Such a radical state can make a large internal field at the muon site via the Fermi contact
interaction. Thus, the muon state identified in our µSR experiment with a large hyperfine field
[8], must be the one that forms a radical state around the phenyl ring. However, the estimation
of the final muon state around the phenyl ring is not so easy and straightforward. This is
because, the phenyl ring has at least about 10 crystallographic orientations which are ortho-,
meta- and parapositions and their inequivalences on both sides of the ring. This complicated
local structure of the phenyl ring and delocalized ⇡ electrons over the ring make the estimation
difficult. Local relaxation e↵ects are also very important in the more accurate estimation of
muon positions around the the phenyl ring in PEA.

4. Conclusions

We applied the density functional theory analysis to estimate the electrostatic potential energy
in metal-organic hybrids of (C2H5NH3)2CuCl4 (EA) and (C6H5CH2CH2NH3)2CuCl4 (PEA) in
order to estimate local minimum potential positions as preferences for injected muons to be
initially trapped. We found six potential minimum positions around the CuCl6 in EA. The
similar positions were found in PEA as well. Four of them were around the apical Cl atom
and two of them were in between in-plane Cl atoms on the CuCl2 plane. Those muon positions
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Fig. 2. Crystal structure (left) and DFT calculation results 
on PEA. The isosurfaces of the electrostatic potentials for 
425 meV (center) and 1.025 meV (right) show possible 
muon sites. 
 

We found six potential minimum positions around 
CuCl6 in EA as well as in PEA, as shown in Figs. 1 and 2. 
Four of them (A1 - 4) were around the apical Cl- ions and 
two of them (B1 and 2) were in between in-plane Cl- ions 
on the CuCl4 plane. These muon positions can be candidates 
to show muon-spin precession behavior under the zero-field 
condition in magnetically ordered states in both EA and 
PEA. Two more minimum potential positions (C1 and 2) 
were found in PEA in and on the phenyl ring of the organic 
part, causing possible muon states bound with the 
surrounding electrons via radical formation with large 
hyperfine fields.  
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