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discussed. From the 75As NQR nuclear spin-lattice relaxation time measurements as well as 153Eu NMR
measurements, we found that the 4f electrons of the Eu ions are well described by the local moment
picture in both the magnetic and paramagnetic metallic states.

Disciplines
Condensed Matter Physics

Authors
Qingping Ding, H.-C. Lee, K. Nishine, Y. Kawamura, C. Sekine, and Yuji Furukawa

This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/ameslab_manuscripts/
743

PHYSICAL REVIEW B 102, 014431 (2020)

Ferrimagnetism in EuFe4 As12 revealed by 153 Eu NMR and 75 As NQR measurements
Q.-P. Ding ,1,2 H.-C. Lee,1,2 K. Nishine,3 Y. Kawamura ,3 C. Sekine,3 and Y. Furukawa

1,2

1

2

Ames Laboratory, U.S. Department of Energy, Ames, Iowa 50011, USA
Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011, USA
3
Muroran Institute of Technology, Muroran, Hokkaido 050-8585, Japan
(Received 6 May 2020; accepted 6 July 2020; published 20 July 2020)

Filled skutterudite compound EuFe4 As12 shows the highest magnetic ordering temperature of TC = 154 K
among Eu-based skutterudite compounds, but its magnetic ground state has not been determined yet. Here,
we performed 153 Eu nuclear magnetic resonance (NMR) and 75 As nuclear quadrupole resonance (NQR)
measurements on EuFe4 As12 to reveal its magnetic ground state as well as the physical properties from a
microscopic point of view. From the temperature and magnetic field dependence of 153 Eu NMR spectrum in
the magnetically ordered state, we found that the Eu ions are in Eu2+ state with a nearly 7 μB corresponding to
S = 7/2 spins. Combined with the magnetization measurements, which show the reduced saturation moments
of 4.5 μB /f.u., we determined the ground magnetic structure in EuFe4 As12 to be ferrimagnetic where the Eu2+
4 f and the Fe 3d ordered moments are ferromagnetically aligned in each sublattice but the moments between
the sublattices are antiferromagnetically aligned. We also found the local distortion at the Eu site from the
cubic symmetry in the magnetically ordered state. The relationship between the rattling motion of Eu atoms
and the local symmetry of the Eu ions is discussed. From the 75 As NQR nuclear spin-lattice relaxation time
measurements as well as 153 Eu NMR measurements, we found that the 4 f electrons of the Eu ions are well
described by the local moment picture in both the magnetic and paramagnetic metallic states.
DOI: 10.1103/PhysRevB.102.014431

I. INTRODUCTION

The interplay of 4 f and itinerant electrons in rare-earth
containing metallic systems provides fascinating physical
phenomena such as superconductivity, ferromagnetism, antiferromagnetism, non-Fermi-liquid behavior, heavy-fermion
states, and so on [1–6]. Among many materials bearing rareearth elements, the europium-containing Fe-based superconducting material EuFe2 As2 stands as one of the interesting
materials since, with carrier doping or pressure application,
the system shows the coexistence of superconductivity and
magnetism originating from Eu 4 f moments, where the magnetism of itinerant Fe moments also plays an important role
[7–10]. EuFe2 As2 at ambient pressure exhibits two distinct
magnetic phase transitions at T = 189 K and 19 K. The first
magnetic order is a spin density wave [stripe-type antiferromagnetic (AFM) state] associated with the itinerant Fe
moments while the second one is due to Eu2+ 4 f moments,
making an A-type AFM structure where the Eu ordered
moments are ferromagnetically aligned in the ab plane but
the moments in adjacent layers along the c axis are antiferrmagnetically aligned [7]. Although the Eu and Fe moments
order at different temperatures, the strong coupling between
the 4 f and itinerant electrons has been pointed out, which will
be responsible for the interesting and complicated magnetic
properties observed in Eu(Fe1−x Cox )2 As2 where the A-type
magnetic structure changes to the A-type canted AFM structure at intermediate Co doping levels around x ≈ 0.1, and then
to the ferromagnetic order along the c axis at x ≈ 0.18 [9].
The importance of the magnetic interaction between Eu 4 f
electrons and itinerant d electrons has also been pointed out
2469-9950/2020/102(1)/014431(9)

in an Eu-based filled skutterudite compound EuFe4 As12 [11].
However, the magnetism of EuFe4 As12 can be quite different from the aforementioned Eu(Fe1−x Cox )2 As2 . EuFe4 A12
exhibits a magnetic phase transition at TC ≈ 152 K where
both Eu 4 f and itinerant Fe moments order at the same
time [11,12]. It is pointed out that the transition temperature
of TC ≈ 152 K is relatively high in comparison with other
related compounds [11]. When Fe is replaced by Ru or Os,
the magnetic ordering temperature is suppressed to 25 K for
EuOs4 As12 and no magnetic order is observed down to 2 K in
EuRu4 As12 [11]. On the other hand, when Eu2+ is replaced
by other divalent Sr or Ba ions, no magnetic order is observed although ferromagnetic spin fluctuations were reported
[13–15]. In the case of La for the replacement, an itinerant
ferromagnetism associated with Fe 3d moments is observed
below a Curie temperature of ≈5.2 K in LaFe4 As12 [16,17].
The difference of the magnetic ordering temperature for those
compounds indicates the strong exchange coupling between
Eu 4 f electrons and itinerant Fe 3d electrons [11]. Such strong
exchange couplings have also been reported in similar Eucontaining iron skutterudite compounds EuFe4 Sb12 (TC =
85 ± 4 K) [18–22] and EuFe4 P12 (TC = 100 ± 3 K) [23,24].
As for the spin structure of the magnetic state, magnetic
susceptibility χ (T ) measurements on EuFe4 As12 suggest either a canted ferromagnetic or ferrimagnetic structure below
TC [11]. The effective moment and Curie-Weiss temperature
in the paramagnetic state estimated from χ (T ) measurement
are reported to be 6.93 μB /f.u. and 46 K, respectively. The
value of the effective moments is slightly smaller than that
expected for divalent Eu2+ (S = 7/2) of μeff = 7.94 μB [11].
The magnetic field dependence of magnetization at 2 K for
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EuFe4 As12 shows a saturation moment of 4.5 μB /f.u. at
1 T, which is much smaller than 7 μB expected for Eu2+
[11]. Similar magnetic properties have been reported in the
isostructural compound EuFe4 Sb12 which was initially considered as a ferromagnet below TC [18–20]. Later on, the
x-ray magnetic circular dichroism spectroscopy (XMCD) and
x-ray absorption spectroscopy (XAS) measurements suggest
a ferrimagnetic state in EuFe4 Sb12 where ferromagnetically
aligned Eu spins are ordered antiferromagnetically with ordered Fe moments [25], however, the possibility of a canted
ferromagnetic state was not fully ruled out. In the case of
EuFe4 A12 , such measurements have not been performed yet.
Therefore, the detailed studies of the local magnetic and electronic properties of the magnetic ions are important to reveal
the magnetic structure as well as the magnetic properties of
the system.
Nuclear magnetic resonance (NMR) is a powerful technique to investigate the magnetic properties of materials from
a microscopic point of view. In particular, one can obtain
direct and local information of magnetic state at nuclear sites,
helping to determine the magnetic structure of magnetic systems. Although the magnetic state of the Eu ions in EuFe4 As12
is a key to understand the magnetic properties of the system,
there have been no Eu NMR studies of this compound up to
now to our knowledge.
In this paper, we have carried out 153 Eu NMR and 75 As
nuclear quadrupole resonance (NQR) measurements to investigate the magnetic properties of EuFe4 As12 , especially
focusing on the magnetic state of the Eu ions, from a microscopic point of view. From the external magnetic field
dependence of 153 Eu NMR spectrum, the Eu ions are shown
to be in divalent state with nearly 7 μB , which ordered
ferromagnetically without any canting component, revealing
a ferrimagnetic ordered state in EuFe4 As12 . We also report
the local distortion at the Eu site from the cubic symmetry
in the magnetically ordered state, which will be important to
understand the physics of motion for Eu ions called rattling in
the cage formed by Fe4 As12 units.

were measured in steps of frequency f by measuring the intensity of the Hahn spin echo. The 75 As and 153 Eu nuclear spinlattice relaxation rate 1/T1 was measured with a saturation
recovery method. 1/T1 at each temperature was determined
by fitting the nuclear magnetization M versus time t using
the exponential function 1 − M(t )/M(∞) = e−(3t/T1 ) for 75 As
NQR, and 1 − M(t )/M(∞) = 0.029e−(t/T1 ) + 0.18e−(6t/T1 ) +
0.79e−(15t/T1 ) for 153 Eu NMR, where M(t ) and M(∞) are the
nuclear magnetization at time t after the saturation and the
equilibrium nuclear magnetization at t → ∞, respectively.
III. RESULTS AND DISCUSSION
A.

153

Eu zero field NMR in the ferrimagnetic state

Figure 1 shows the frequency-swept 153 Eu NMR spectrum
in zero magnetic field at 4.3 K in the magnetically ordered
state. The observation of the 153 Eu NMR signals clearly evidences that the magnetic moments of Eu 4 f electrons order in

II. EXPERIMENTAL

Polycrystalline EuFe4 As12 samples were prepared at high
temperature and high pressures using a wedge-type cubic
anvil high-pressure apparatus [11]. The chemical composition
of the samples was determined by energy-dispersive x-ray
spectroscopy (EDS) measurements using a JEOL scanning
electron microscope and was found to be Eu1.06 Fe4.00 As12.2
showing no obvious deficiency of Eu ions. Good chemical
homogeneity was found in the powder samples. The crystal
structure of the sample was characterized by powder x-ray
diffraction (XRD) using Mo Kα radiation and silicon as a
standard. The powder samples are loosely packed into a
sample case, which allows the crystallites to be oriented along
the applied magnetic field direction.
γN
= 7.2919 MHz/T,
NQR measurements of 75 As (I = 23 , 2π
Q = 0.29 barns) and NMR measurements of 153 Eu (I = 25 ,
γN
= 4.632 MHz/T, Q = 2.49 barns) nuclei were conducted
2π
using a homemade phase-coherent spin-echo pulse spectrometer. 153 Eu NMR spectra in zero and nonzero magnetic fields
H in the magnetically ordered state and 75 As-NQR spectra

FIG. 1. Top: 153 Eu-NMR spectrum in zero magnetic field at T =
4.3 K in the magnetic ordering state. The lines are the calculated
positions of 153 Eu-NMR spectrum using Bint = −28.14 T and νQ =
2.90 MHz. The inset shows the crystal structure. Bottom: 153 EuNMR spectrum under H = 0.5 T. The curves are calculated spectrum
using the same parameters where a line broadening of 0.35 MHz is
introduced for each line.
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TABLE I. Bint and νQ from 153 Eu NMR measurements at 4.2 K for EuFe4 As12 , the helical antiferromagnets (AFM) EuCo2 P2 and EuCo2 As2 ,
and the A-type antiferromagnet EuGa4 and the magnetic moments of Eu ions MEu from neutron diffraction measurements on EuCo2 P2 [31]
and EuCo2 As2 [32].

EuFe4 As12
EuCo2 P2
EuCo2 As2
EuGa4

Bint (T)

νQ (MHz)

MEu (μB )

Ground state (ordered temperature)

Ref.

−28.14(5) T
−27.5(1) T
−25.75(2) T
−27.08 T

2.90(5)
30.6(1)
30.2(2)
30.5

7.26
6.9(1)

Ferrimagnet (TC = 154 K)
Helical AFM (TN = 45 K)
Helical AFM (TN = 66.5 K)
A-type AFM (TN = 16 K)

This work
[28]
[29]
[30]

the magnetic state. The relatively sharp peaks in the observed
spectrum indicate a high quality of the powder samples. The
peak positions of the spectrum are well explained by the
combination of a large Zeeman interaction due to magnetic
field [for the present case, an internal magnetic induction
(Bint ) at the Eu site] and a small quadrupole interaction whose
nuclear spin Hamiltonian is given as follows;


hνQ
1 2
2
2
2
3IZ − I + η(I+ + I− ) , (1)
H = −γn h̄I · Bint +
6
2
where
Iz = 21 (I+ e−iφ + I− eiφ )sinθ + IZ cosθ .

(2)

Here h is Planck’s constant, and νQ is nuclear quadrupole
frequency
defined
by
νQ = 3e2 QVZZ /2I (2I − 1)h
(= 3e2 QVZZ /20h for I = 5/2) where Q is the electric
quadrupole moment of the Eu nucleus, VZZ is the electric
field gradient (EFG) at the Eu site in the coordinate of the
principal X , Y , and Z axes of EFG, and η is the asymmetry
parameter of the EFG [26]. θ and φ are the polar and
azimuthal angles between the Z axis of EFG and the direction
of Bint , respectively, where the quantization axis (z axis) for
the Zeeman interaction is pointing along the Bint direction.
In the case of I = 5/2, when η = 0, the NMR spectrum is
composed of a central transition line (Iz = 1/2 ↔ −1/2) and
two pairs of satellite lines shifted from the central transition
line by ± 21 νQ (3 cos2 θ − 1) (for the transitions of Iz = 3/2 ↔
1/2 and −3/2 ↔ −1/2), and ±νQ (3 cos2 θ − 1) (for Iz =
5/2 ↔ 3/2 and −5/2 ↔ −3/2). The five solid lines shown in
Fig. 1 are the calculated positions using |Bint | = 28.14(5) T,
νQ = 2.90(5) MHz, η = 0 and θ = 0◦ (and, thus, φ = 0◦ ),
which reproduce the observed positions very well. Since Bint
mainly originates from core polarization from 4 f electrons
and is oriented in a direction opposite to that of the Eu
spin moments, the sign of Bint is considered to be negative
[27]. The observed Bint = −28.14(5) T is close to the values
of Bint reported from 153 Eu zero-field NMR in the helical
antiferromagnets EuCo2 P2 [28] and EuCo2 As2 [29], and the
A-type antiferromagnet EuGa 4 [30] as shown in Table I. The
values of Eu magnetic moments in EuCo2 P2 and EuCo2 As2
determined by neutron diffraction measurements are close to
7 μB expected for Eu2+ ion (S = 7/2) [31,32]. Since the Eu
ordered moment MEu is proportional to |Bint /Ahf | where Ahf is
the hyperfine coupling constant mainly originating from the
core polarization, the similar value of Bint = −28.14(5) T in
EuFe4 As12 in comparison with those in other Eu compounds
leads to the conclusion that the Eu ions are in Eu2+ state with
S = 7/2.

It is noted that, from the XRD measurements [11],
EuFe4 As12 crystallizes in a body-centered cubic structure (the
space group Im3, see the inset of Fig. 1 [33]) with a lattice
constant of 8.3374 Å at room temperature. Since the local
symmetry of the Eu site is cubic in the structure (Th ), one
expects no quadrupole interaction because the EFG due to
the charges on the neighboring ions is zero. In general, there
is another contribution to the EFG at the Eu site originating
from the on-site f electrons. However, this EFG contribution
is also zero because of the spherical charge distribution of 4 f 7
electrons for Eu2+ ions with zero angular momentum L = 0,
which is independent of crystal structure. Therefore, the finite
quadrupole interaction at the Eu site observed in the magnetically ordered state must be attributed to the contribution
from the neighboring ions. Thus, the experimental data clearly
evidence the lowering symmetry at the Eu site from cubic. We
will discuss this issue later.
The direction of Bint from the NMR spectrum is not
determined in the present case. Usually, one can determine
the direction from the value of θ if we know the principal
axis of the EFG. However, as described above, our NMR
spectrum indicates that the local symmetry at the Eu site in the
magnetically ordered state is different from what is expected
from the high-temperature cubic one. Therefore, the EFG
direction cannot be determined, making the determination of
the direction for Bint impossible at present.
It is also important to point out that the satellite lines of the
observed 153 Eu zero-field NMR are asymmetric and are tailing
toward to the central transition line. This asymmetric shape is
reminiscent of a so-called powder pattern of NMR spectrum.
Although, in general, we do not expect the powder-patternlike shape in zero-field NMR spectrum, we have the following
three possibilities: The first one is due to the distribution
of νQ , the second one comes from the slight distribution of
θ , and the last one originates from domain walls. The first
scenario has been used to explain the similar asymmetric
153
Eu zero-field NMR lines observed in EuGa4 where a lognormal distribution of νQ was used [30]. However, we do
not find such large distribution of νQ in our case, as will
be shown below. As for the second scenario, as the small
deviation in θ from 0 degree makes the satellite line shift
toward the central transition line as described in the above
equations for the satellite line positions, one may explain the
characteristic asymmetric shape of the satellite lines by taking
the small deviation from θ = 0◦ into consideration. In fact,
such scenario has been applied to explain the asymmetric lines
observed in EuAl4 where the distribution of θ is estimated to
be at most 6◦ or less [34]. However, for our case, this seems
to be not the case. Since the signal intensity does not go down
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to zero between the satellite lines, to reproduce the spectrum,
one needs to have a relatively large distribution of θ up to at
least ≈20◦ , which seems to be too large. In contrast, the third
scenario can be the main reason for the observed asymmetric
shape since the asymmetric shape of the lines becomes more
symmetric when magnetic field is applied (a typical spectrum
measured at H = 0.5 T is shown at the bottom of Fig. 1).
The red curves in the figure are the calculated spectrum at
H = 0.5 T with the same values of Bint and νQ where we
assume a line broadening of 0.35 MHz for each line. It is
noted that, in a magnetic field of 0.5 T, the values of line
width (full width at half maximum, FW HM ≈ 0.4–0.5 MHz)
for each line are nearly the same, as the calculated spectrum
reproduces the observed spectrum very well. This indicates
that the broadening of each line originates from the slight
distribution of Bint (less than ≈0.4%) and the effect of the
distribution in νQ into the line width is almost negligible. It is
known that the deviation of rare-earth filling factor from unity
in filled skutteruride compounds produces the distribution of
νQ and thus broadening of spectrum at the rare-earth site
[35–37]. Therefore, the negligible small distribution of νQ in
EuFe4 As12 suggests that the Eu filling factor is close to unity,
which is consistent with the results of the EDS measurements,
confirming again the high quality of our samples.
B. Magnetic field dependence of 153 Eu NMR spectrum

In order to gain more insight into the magnetic properties
of EuFe4 As12 , especially the Eu ordered moments in the
magnetically ordered state, we have measured 153 Eu NMR
spectrum using the loosely packed sample under an external
magnetic field H. Figure 2(a) shows the magnetic field dependence of the 153 Eu NMR spectrum at 4.3 K. The spectrum
shifts to lower frequency as magnetic field increases. At the
same time, as discussed above, the asymmetric shape of the
satellite lines become more symmetric under magnetic field,
indicating the main reason for the asymmetry can be due
to domain walls where the Eu ordered moments change the
direction making the distribution of θ . It is also noted that the
spacings between the lines keep constant, indicating θ does
not change with the application of magnetic field. Given the
total magnetization saturates around 1 T at T = 2 K as shown
in the inset of Fig. 2(b), these results indicate that most of the
small particles are aligned along the magnetic field direction.
This means there must be a finite magnetic anisotropy in
the magnetic ordered state, although we cannot estimate the
magnitude of it.
The magnetic field dependence of the resonance frequency
for the central line ( fc ) is shown in Fig. 2(b) and the slope of
the H dependence of fc is found to be −4.63 MHz/T which
is exactly the same as −γ /2π of 153 Eu nucleus. Since the
effective field at the Eu site is given by the vector sum of
Bint and H, i.e., |Beff | = |Bint + H|, the resonance frequency
is expressed as f = γ /2π |Beff |. Therefore, the value of the
slope clearly indicates that the direction of Bint is antiparallel
to that of H and also that all Eu ordered moments align along
H without any appreciable deviation. Thus, one can conclude
that the ferromagnetically aligned Eu ordered moments do not
have any canting components up to 8 T, excluding clearly
a canted ferromagnetic state as a possible ground state. To

FIG. 2. (a) Field dependence of 153 Eu-NMR spectrum at 4.3 K.
(b) Field dependence of 153 Eu-NMR central line frequency ( fc ) at
4.3 K. The solid line is a linear fit whose slope is exactly same as
−γ /2π of 153 Eu nucleus. The inset shows the field dependence of
magnetization measured at 2 K.

explain the saturated magnetic moment of 4.5 μB /f.u. in the
magnetic ordering state [see the inset of Fig. 2(b)], the Fe 3d
electrons must be magnetically ordered in antiparallel direction with respect to the Eu2+ ordered moments, producing the
ferrimagnetic ground state. Since the Eu ordered moments are
estimated to be ≈7 μB from the magnitude of Bint as discussed above, the Fe 3d ordered moments are estimated to be
≈0.6 μB for each Fe ion. A similar ferrimagnetic state has
also been reported in the isostructural compound EuFe4 Sb12
by XMCD and XAS measurements [25]. The ferrimagnetic
state is consistent with the results from density function theory
based calculations for EuFe4 As12 [38] as well as other similar
compounds such as EuFe4 P12 [39] and EuFe4 Sb12 [40].
C. Temperature dependence of 153 Eu zero-field NMR

Figure 3(a) shows the temperature dependence of 153 Eu
zero-field NMR spectra, where the spectra shift to lower
frequency with increasing temperature. This is due to the
reduction of |Bint |, which decreases from 28.14 T at 4.3 K to
21.19 T at 90 K. The red squares shown in Fig. 3(b) exhibit
the temperature dependence of |Bint |. In the figure, we also
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FIG. 3. (a) Temperature dependence of 153 Eu-NMR spectrum
under zero magnetic field in the magnetic ordering state. The curves
are the calculated 153 Eu-NMR spectra. (b) Temperature dependence
of |Bint |. The black circles show the temperature dependence of
M/H measured at H = 0.1 T reported previously [11]. The red
curve is the Brillouin function with J = S = 7/2 and TC = 154 K.
(c) Temperature dependence of νQ at the 153 Eu site. (d) Temperature
dependence of 153 Eu 1/T1 under zero magnetic field. The straight line
shows the Korringa relation 1/T1 T = 28 (sK)−1 .

plotted the M/H data measured at 0.1 T by black circles [11].
As shown by the red curve, the temperature dependence of
M/H is well reproduced by the Brillouin function, which was
calculated based on the Weiss molecular field model with
J = S = 7/2 and TC = 154 K. This suggests that, although
both the Eu and Fe ordered moments contribute to the total
magnetization, the temperature dependence of M/H can be
mainly characterized by the properties of Eu ordered moments. In addition, the results indicate that the Eu ordered
moments are well described by a local moment picture even
in a metallic state as revealed by the resistivity measurements [11,12] as well as nuclear relaxation measurements
described below. As shown in Fig. 3(b), on the other hand,
the temperature dependence of |Bint | slightly deviates from
that of M/H. As |Bint | is proportional to Ahf MEu , |Bint | should
scale with M/H since its temperature dependence is well
explained by the S = 7/2 local moment picture. Although
the reason for the deviation is not clear at present, it may be
due to the local distortion at the Eu site in the ferrimagnetic
state. As described above, the |Bint | is mainly determined by
the hyperfine coupling originated from the 4 f electron corepolarization mechanism, which is atomic in nature. Therefore,
the hyperfine coupling constant will not be affected by the
local environment at the Eu site. On the other hand, if one
trans
considers the effects of the transferred hyperfine field Bint
at
the Eu site from the nearest-neighbor Fe ordered moments,
trans
the Bint
can be affected by the local distortion at the Eu
site since the transferred hyperfine field largely depends on

the strength of Fe-As-Eu covalent bond. Although we cannot
conclude the origin of the deviation, it would be interesting
trans
since this may be
if it originates from the effects of Bint
experimental evidence showing the coupling between the 3d
electrons of Fe and the 4 f electrons of Eu in EuFe4 As12 .
The temperature dependence of νQ at the 153 Eu site is
shown in Fig. 3(c) where νQ decreases from 2.90 MHz at
4.3 K to 1.2 MHz at 90 K. Such a huge reduction of νQ
by ≈ 59% cannot be explained by thermal lattice expansion
[41], which is normally described by an empirical relation
νQ (T ) = νQ (0)(1 − αQ T 3/2 ) with a fitting parameter αQ . As
described above, one does not expect the finite value of νQ
at the Eu site in the high-temperature body-centered cubic
structure. In fact, νQ seems to disappear around T ≈ 125 K
estimated from the smooth extrapolation using the experimental data at T = 30–90 K, and νQ will be zero in the paramagnetic state above TC = 154 K where the cubic structure
(Im3) was determined by the XRD measurements at room
temperature [11].
Since the finite values of νQ reflecting the degree of the
local distortion of the cubic symmetry at the Eu site suggest
a structural phase transition, we have carried out XRD measurements in the temperature range of T = 113–300 K. We
did not observe clear evidence for structural phase transition
in the XRD patterns down to 113 K, which is the lowest
temperature we can achieve by using our XRD spectrometer
with a nitrogen gas flow type cryostat. Although the results
may suggest no structural phase transition at least down to
113 K, this does not fully rule out the possibility in the compound. One of the possibilities is that the lowest temperature
of 113 K may not be low enough to detect the structural
phase transition. which could occur at TC estimated from
the temperature dependence of νQ . The situation here could
be similar to the electron diffraction measurements of the
skutterudite compound PrRu4 P12 where the superlattice spots
due to the structural phase transition were clearly observed at
12 K, however, the intensity of the superlattice spots becomes
very weak at 40 K even though the structural transition
temperature is around 60 K [42]. Another possibility is that
ordinary XRD measurements using powder samples may not
be able to detect the structural phase transition. This has also
been reported in PrRu4 P12 where only synchrotron radiation
XRD measurements using single crystals revealed a structural
phase transition [43,44]. The structural phase transition was
reported to change only in the space group (from Im3 for
the high-temperature phase to Pm3 for the low-temperature
phase) while the cubic crystal symmetry of structure is unchanged [42–44]. It is interesting to point out that, even in the
cubic symmetry, the slight displacements of P and Fe atoms
have been reported in the low-temperature phase of PrRu4 P12
[42–44]. Such displacement may produce the local distortion
of the cubic symmetry at the rare-earth sites, giving rise to the
finite EFG. This could explain our results in EuFe4 As12 , of
course, we cannot conclude it though. Thus, it is important to
carry out the low-temperature XRD measurements, especially
using single crystals if available, to clarify whether or not the
crystal structure in the magnetically ordered stat is different
from the high-temperature one. Such experiments are highly
called for.

014431-5

Q.-P. DING et al.

PHYSICAL REVIEW B 102, 014431 (2020)

From the behavior of the temperature dependence of νQ ,
we consider that the structural phase transition would be a
second-order type of phase transition if the local distortion at
the Eu sites were due to a structural phase transition. Since
the specific heat measurements do not show any anomaly
other than at TC [12], one may speculate that the magnetic
ordering takes place with a possible concomitant structural
phase transition, although the estimated T ≈ 125 K is a little
bit far from TC = 154 K.
It is also interesting to point out that the specific heat
measurements [12] suggest that the rattling motion of the Eu
atoms is not prominent in EuFe4 As12 . This has been generally
explained in terms of the ionic radius of Eu2+ ions greater
than those of trivalent rare-earth ions, which gives rise to a less
space for the rattling motion of the Eu2+ ions in the Fe4 As12
cage. However, as the cubic electric field at the rare-earth
site is also considered to be one of the keys for the rattling
motion, the lowering of the cubic symmetry at the Eu site in
EuFe4 As12 may result in restricting the rattling motion of the
Eu atoms. Even from this point of view, as described above,
further detailed studies on the crystal structure at low temperatures are requested, which may provide further insights into
the rattling physics in filled skutterudite compounds.
At the end of this section, we show the temperature dependence of 1/T1 measured at the central line of the 153 Eu
zero-field NMR spectrum. As shown in Fig. 3(d), 1/T1 is
proportional to temperature, obeying a Korringa law 1/T1 T =
28 (sK)−1 expected for a metallic state. This result confirms
the metallic ground state in the ferrimagnetic state from
a microscopic point of view, consistent with the resistivity
measurements [11,12].

D.

75

As NQR in the paramagnetic state

Figure 4(a) shows the temperature dependence of the 75 As
NQR spectrum from 160–300 K in the paramagnetic state. In
NQR spectrum under zero magnetic field for 75 As nuclei with
I = 3/2, one 
expects a single transition line at a frequency
of νNQR = νQ 1 + η2 /3. The observed lines are sharp with
the nearly temperature-independent line width (FW HM ≈
65 kHz), which is smaller than FW HM ≈ 140 kHz and is
greater than ≈33 kHz for high-quality samples of SrFe4 As12
[15] and LaFe4 As12 [45], respectively, but is much smaller
than ≈400 kHz in SrOs4 As12 having a lesser degree of homogeneity of crystals [46]. This indicates again the high quality
of the samples and also the Eu filling factor close to unity.
As shown in the figure, the peak position slightly shifts to
lower frequency with increasing temperature without showing
any sudden changes, indicating that there is no structural
anomaly in the paramagnetic state of EuFe4 As12 . On the
other hand, below TC , the spectrum becomes broader and the
signal intensity decreases. Although we could not measure
the spectrum around TC because of the poor signal intensity
due to the shortening of nuclear spin-spin relaxation time
T2 originating from the phase transition, we were able to
measure the spectrum at T = 90 K. The very broad spectrum
with the two-peak structure is observed as shown in the inset
of Fig. 4(a) where we also plot the spectrum (T = 160 K)
observed in the paramagnetic state for comparison.

FIG. 4. (a) Temperature dependence of the 75 As-NQR spectrum
for EuFe4 As12 in the paramagnetic state. The inset shows a typical
75
As-NQR spectrum measured at T = 90 K in the magnetically
ordered state. The red curve is a calculated result with νNQR =
58.7 MHz and |Bint | = 5.1 kOe at the As site. (b) Temperature
dependence of 75 As-NQR frequency νNQR in the paramagnetic state
as a function of T 3/2 . The solid line is the fitting result (see text).

One possible explanation of the two-peak structure is to
introduce an internal field at the As site from the Eu and
Fe ordered moments in the ferrimagnetic state. It is also
important to point out that the center of mass of the spectrum
shifts to higher frequency, indicative of an increase of νNQR .
Based on this consideration, we have calculated 75 As NQR
spectrum assuming |Bint | = 5.1 kOe and νNQR = 58.7 MHz
with a line broadening of 4 MHz. The red curve is the
calculated spectrum, which seems to capture the characteristic
shape of the spectrum. Although we cannot determine the
direction of |Bint | as well as its sign, the large change of νNQR
from 55.5–55.1 MHz in the paramagnetic state to 58.7 MHz
at 90 K would be consistent with the observation of the
local distortion related to a possible structural phase transition
suggested by the 153 Eu NMR measurements.
The temperature dependence of νNQR determined from the
peak positions of the NQR spectra is shown in Fig. 4(b).
Similar temperature dependences of νNQR have been observed
in SrFe4 As12 [15], SrOs4 As12 [46] and also in other filled
skutterudite compounds [45,47–51] where the temperature
dependence is found to obey an empirical relation νNQR (T ) =
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behavior around 153 K, corresponding to the ferrimagnetic
phase transition at TC ≈ 154 K. The values of 1/T1 T for
EuFe4 As12 above TC are almost one order of magnitude
greater than those in LaFe4 As12 at the temperature region.
Since there is no 4 f electrons in LaFe4 As12 , the largely
enhanced 75 As relaxation in EuFe4 As12 could mainly originate from the fluctuations of the Eu 4 f electron moments.
According to Moriya [53], when the magnetic fluctuations are
dominated by the paramagnetic fluctuations of local moments,
1/T1 is expected to be a constant well above magnetic ordering
temperature. As shown in the inset of Fig. 5, 1/T1 is nearly
independent of temperature at high temperatures. This indicates that the magnetic fluctuations in the paramagnetic state
of EuFe4 As12 are characterized by the fluctuations of the local
moment nature of the Eu 4 f electron spins. This is consistent
with the local moment picture of the Eu spins indicated by the
temperature dependence of M/H discussed above.
It is also interesting to compare the 1/T1 T data for
LaFe4 As12 with those for the paramagnetic metal SrFe4 As12
(plotted by the green triangles in Fig. 5) where the existence
of ferromagnetic spin fluctuations was reported [46]. The
values of 1/T1 T of LaFe4 As12 well above TC = 5.2 K are
much less than those in SrFe4 As12 . Although we do not have
the detailed information about the local density of states at
the As sites for both compounds, it is interesting if such
reduction of 1/T1 T in LaFe4 As12 could be attributed to the
suppression of ferromagnetic spin fluctuations, resulting in the
ferromagnetic order at TC = 5.2 K. Further studies, especially
electronic structure calculations, are required to address this
issue.
FIG. 5. Temperature dependence of 75 As 1/T1 T in EuFe4 As12
(black circles), together with those in LaFe4 As12 (magenta circles)
from Ref. [52] and SrFe4 As12 (green triangles) from Ref. [15]. The
inset shows the temperature dependence of 1/T1 .

νNQR (0)(1 − αQ T 3/2 ) with a fitting parameter αQ [41]. As
shown by the curve in Fig. 4(b), the temperature dependence
of νNQR at As sites in EuFe4 As12 also follows the relation
with αQ = 2.24 × 10−6 K−3/2 . The value of αQ = 2.24 ×
10−6 K−3/2 is similar to the values for SrFe4 As12 (3.21 ×
10−6 K−3/2 ) [15] and SrOs4 As12 (2.09 × 10−6 K−3/2 ) [46].
It is noted that one cannot determine the values of νQ
and η for the As nuclei separately from only the NQR
spectrum measurements. The values of η = 0.4–0.45 have
been reported in the isostructural compounds SrM4 As12 (M
= Fe, Os) [15,46]. Since the crystal structure of EuFe4 As12
in the paramagnetic state is the same with those compounds, we expect the similar value of η in the present
compound.
To investigate the magnetic fluctuations in the paramagnetic state in EuFe4 As12 , we have measured the temperature
dependence of 75 As spin-lattice relaxation rate 1/T1 in zero
magnetic field. Figure 5 shows the temperature dependence
of 1/T1 T . For comparison, we also plotted the 1/T1 T data
for the itinerant ferromagnet LaFe4 As12 reported previously
[52] where a clear peak in 1/T1 T can be observed at a Curie
temperature of 5.2 K. With decreasing temperature, 1/T1 T
for EuFe4 As12 increases gradually and shows a divergent

IV. SUMMARY

In summary, we performed 75 As NQR and 153 Eu NMR
measurements on the filled skutterudite compound EuFe4 As12
with TC = 154 K. We observed the 153 Eu NMR spectrum in
the magnetically ordered state, which reveals that the Eu2+
ordered moments are close to 7 μB . From the external magnetic field dependence of 153 Eu NMR spectrum observed in
the magnetically ordered state, we found that the Eu ordered
moments ferromagnetically align the magnetic field direction
without any canting component. Taking the magnetization
data into consideration, we determined the magnetic ground
state of EuFe4 As12 to be ferrimagnetic in which the Fe 3d
moment and the Eu 4 f moment are magnetically ordered
with antiferromagnetic coupling. The observed 153 Eu NMR
spectrum shows quadrupole split lines, which are not expected
at the Eu site in the cubic structure (Im3) determined by the
XRD measurements at room temperature, suggesting the lowering of the local symmetry at the Eu site at low temperatures.
The temperature dependence of 75 As 1/T1 T suggests that
the magnetic fluctuations in the paramagnetic state are dominated by the Eu 4 f electron spins, which are well described
by the local moment picture. It is shown that 153 Eu NMR
can be a unique tool in determining the magnetic structure
in the Eu compound. It is interesting to study other Eubased magnetic compounds, such as EuFe4 Sb12 , EuOs4 Sb12 ,
EuFe4 P12 , and EuOs4 P12 to gain deeper understanding about
the interaction between the d electrons and the Eu 4 f
electrons.
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