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Neutron diffraction experiments have been carried out in a single crystal of NpRhGa5 in order to reveal the
magnetic structure and 5f electronic state. This material exhibits two successive antiferromagnetic transitions
at TN1=36 K and TN2=33 K. An A-type antiferromagnetic structure with the propagation vector q�
= �0 0 1/2�, appears below TN1. We found a remarkable change in the moment direction at TN2, namely, the Np
moment is parallel to the c axis for TN2�T�TN1 �AF1�, but parallel to the �1 1 0� direction in the basal plane
for T�TN2 �AF2�. The magnitude of the magnetic moment also exhibits a remarkable and discontinuous
change at TN2, indicating the moment reorientation is associated with a change of the 5f electronic state. This
electronic transition might be the consequence of the competition between the magnetic and/or quadrupolar
interaction in the low-moment �AF1� and high-moment �AF2� states. The observed magnetic form factor
indicates a dominant contribution from the orbital moment, with a small reduction from the Np3+ free ion state.
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I. INTRODUCTION

The exotic electronic properties of 115 compounds of
ATX5, where A=rare earth or actinide, T=transition metal,
and X=In or Ga, have been attracting much attention since
the discovery of unconventional superconductivity in rare-
earth CeTIn5

1–3 and in Pu�Co,Rh�Ga5.4,5 ATX5 crystallizes in
the tetragonal HoCoGa5-type structure �P4/mmm� that con-
sists of a sequential stacking of AX3 layers with the AuCu3
structure and transition metal layers along the tetragonal c
axis, as shown in Fig. 1. The intensive investigation of these
materials is certainly motivated by the unconventional super-
conductivity observed in Ce1–3 and Pu-based4–7 compounds,
and by their interesting magnetic properties, particularly a
remarkable variety of magnetic structures in UTGa5

8–10 and
NpTGa5.11,12

Neutron diffraction experiments revealed that UNiGa5 has
a G-type antiferromagnetic structure with the propagation
vector q� = �1/2 1/2 1/2�,8 while UPdGa5 and UPtGa5 have
an A-type antiferromagnetic order with q� = �0 0 1/2�.8–10

This difference is unusual because the nearest-neighbor in-
teraction has a different sign, although the electronic struc-
tures are almost identical.

Among the Np-based 115 compounds, NpCoGa5 has an
A-type antiferromagnetic structure below TN=46 K,11,13,14

whereas NpFeGa5 is a C-type antiferromagnet with q�
= �1/2 1/2 0� �TN=118 K�, where both Np and Fe atoms
have magnetic moments.12,15–17 Thus, a wide variety of mag-
netic structures are realized in U- and Np-based 115 com-
pounds.

Recently, a high-quality single crystal of NpRhGa5 has
been grown.17 This is an isostructural derivative of the
heavy-fermion superconductor PuRhGa5.5 The magnetic,
electrical transport, and thermodynamical studies in
NpRhGa5 revealed an antiferromagnetic order with two suc-

cessive phase transitions reported by Aoki et al. with TN1
=36 K and TN2=32 K,17 and Colineau et al. with TN1
=37 K and TN2=32 K.18 The magnetic susceptibility obeys
the Curie-Weiss law at high temperatures and shows an
anomalous behavior in the vicinity of the transition
temperatures.17–19 The anomalies were also observed in the
specific heat measurements,17–19 where the transition at TN2
is concluded to be first-order from a sharp anomaly peak. A
recent 237Np Mössbauer spectroscopy study showed the re-
orientation of moment with respect to the principal axis.18

Colineau et al. suggested the change of moment direction
from the c axis to the basal plane at TN2,18 which should be
directly observed by neutron diffraction. Furthermore, the
observed hyperfine field around the ordering temperature
showed a large error bar due to the thermal effect.18 To un-

FIG. 1. �Color online� Crystal structure of NpRhGa5.
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derstand the nature of this successive phase transition in
NpRhGa5, a single-crystal neutron diffraction experiment is
important.

In this paper we report the magnetic structure and 5f elec-
tronic state of NpRhGa5 by neutron diffraction measure-
ments.

II. EXPERIMENT

Neutron diffraction experiments have been carried out us-
ing the thermal and cold triple-axis spectrometers TAS-1,
TAS-2, and LTAS installed at the research reactor JRR-3 in
the Japan Atomic Energy Agency �JAEA�.

The magnetic reflections were searched using the TAS-2
spectrometer. An incident beam with the dimensions of 20
�200 mm2 was monochromatized and analyzed with verti-
cally bent pyrolytic graphite �PG� crystals. Higher order con-
taminations were effectively removed to less than 10−5 of the
primary beam intensity via a 12-cm-thick PG filter and a
multilayer Ni/Ti 2Q supermirror that has a cutoff energy of
�35 meV, in the T2 beam guide.

The crystal and magnetic structures have been studied us-
ing the TAS-1 spectrometer. To reduce the systematic error
of integrated intensity, the neutron beam was monochroma-
tized and analyzed using a flat PG monochromator. Rela-
tively high energy beams of E=33 and 40 meV were used to
measure the integrated intensity of many reflections up to
sin � /�=0.5 Å−1. The integrated intensity of 58 and 46 re-
flections of nuclear and magnetic diffraction peaks, respec-
tively, were measured in the longitudinal scans on the �h 0 l�
and �h h l� scattering planes. Higher-order contaminations
were removed via the 12-cm-thick PG filter and subtracted as
a background by comparing with the result in the paramag-
netic phase.

Experiments under high magnetic field up to 10 T were
carried out on the cold triple-axis spectrometer LTAS to
study the single-domain sample. A vertical field was applied
with the use of a liquid-4He-free superconducting magnet for
neutron scattering developed by JAEA.20 The neutron beam
was monochromatized and analyzed via vertically bent PG
crystals at 5 meV. Higher order contaminations were filtered
using a 20-cm-thick Be block, cooled down to 20 K.

All experiments were carried out in the triple-axis mode
without collimators for the scattered beam to improve the
efficiency of diffraction intensity. The background from the
sample cell, cryostat, and magnet was removed using a pair
of beam slits.

A high-quality single-crystal sample of NpRhGa5 was
grown by the Ga-flux method. The details of sample prepa-
ration are given elsewhere.17 A large single-crystal sample
with dimensions of 5�5�2 mm3 was sealed in a tiny alu-
minum tube in a He atmosphere. The sample tube was en-
capsulated in an aluminum cell with He exchange gas and
cooled down to 3 K using a closed-cycle refrigerator.

The present single-crystal sample exhibits a considerable
absorption and extinction effect. The absorption correction
was applied numerically in all of the collected integrated
intensity data by the Meulenaer and Tompa �analytical�
method,21,22 using the software PLATON.23,24 After the appli-

cation of absorption correction, primary and secondary ex-
tinction corrections were applied by the Becker and Coppens
method.25–27

III. RESULTS

A. Crystal structure

The integrated intensity of nuclear reflections has been
measured to determine the scale factor, which is necessary to
determine the magnitude of magnetic moment. The Bragg
reflection revealed a tetragonal-type crystal structure with the
lattice parameters a=4.291 Å and c=6.833 Å at 3 K. The
results are in close agreement with those obtained in a poly-
crystalline x-ray diffraction experiment.18 In our analysis, the
integrated intensity has been calculated using the tetragonal
HoCoGa5-type crystal structure with zGa=0.2987, reported
previously by Colineau et al.18

The data correction of absorption and the extinction effect
is shown in Table I. Io represents the observed integrated
intensity data, measured by longitudinal scans in the �h 0 l�
scattering plane. Iabs is the corrected observed data after the
application of absorption correction.

Ikin represents the nuclear diffraction intensity calculated
by the theoretical kinematical model, and yIkin is the same

TABLE I. The observed integrated intensity �Io� at E=33 meV
and T=3 K, the observed intensity after the absorption correction
�Iabs�, the calculated intensity with the kinematical model �Ikin�, and
that with the extinction correction �yIkin�.

Q Io Iabs Ikin yIkin

�0 0 1� 17.88 43.00 55.00 54.18

�0 0 2� 4.47 9.87 0.04 0.04

�0 0 3� 532.60 1082.05 2399.41 1016.91

�0 0 4� 407.25 766.00 1748.93 798.09

�0 0 5� 173.41 304.82 396.46 295.27

�1 0 0� 148.69 234.85 294.08 267.56

�1 0 1� 15.55 25.62 20.79 20.60

�1 0 2� 88.44 161.56 188.42 169.97

�1 0 3� 9.43 18.72 12.21 12.10

�1 0 4� 57.89 111.32 123.14 111.41

�1 0 5� 5.93 10.62 9.13 9.05

�1 0 6� 62.50 105.15 106.09 96.29

�2 0 0� 921.41 1464.45 5177.95 1455.37

�2 0 1� 12.45 20.25 17.73 17.51

�2 0 2� 1.67 2.87 0.02 0.02

�2 0 3� 437.77 801.02 1787.49 792.53

�2 0 4� 341.22 664.53 1502.61 701.64

�2 0 5� 160.83 295.33 374.19 279.68

�3 0 0� 64.15 104.48 115.41 104.67

�3 0 1� 11.91 19.68 9.46 9.37

�3 0 2� 57.65 99.15 110.76 100.43

�3 0 3� 9.57 17.41 8.90 8.82

�3 0 4� 46.66 89.70 106.11 96.19
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calculation with an application of extinction correction. The
refinement of extinction correction was carried out by mini-
mizing the deviation R=��Fo

2−yFk
2� /�Fo

2, where Fo repre-
sents the observed structure factor after the application of
absorption correction, Fk is the theoretical structure factor
calculated by a kinematical model, and y is the extinction
correction parameter. The mosaic block size and the mosaic
spread, estimated by analysis of primary and secondary ex-
tinction correction, are 5�10−6 cm and 0.11°, respectively.
The mosaic spread is consistent with our result in rocking
curve measurement, which provides an instrumental
resolution-limited peak width of 0.4°.

After the application of extinction correction, the theoret-
ical model reproduces well the experimental data, where we
obtained R=0.04 and 0.10 by the least-squares fitting, for
energies E=33 and 40 meV, respectively. No significant ex-
tinction correction was necessary for the integrated intensity
of the magnetic reflections because of the weak intensity.

B. Magnetic structure

Figure 2 shows the temperature dependence of the neu-
tron diffraction profiles along the �a� �1 1 l� and �b� �0 0 l�
scan directions, for 0.3� l�1.8 reciprocal lattice unit �r.l.u.�.
Below TN1=36 K, the superlattice peaks were observed at
�1 1 1/2� and �1 1 3/2�, indicating an antiferromagnetic
structure with the propagation vector q� = �0 0 1/2� for both
of the magnetically ordered phases. No magnetic peak was
observed at �1/2 1/2 1/2� and �1/2 1/2 0�. The observed
structure can be described with a ferromagnetic layer on a
basal plane, stacked along the tetragonal c axis in an antifer-
romagnetic sequence. The absence of a magnetic peak in the
�0 0 l� direction at T=34 K indicates that the Np magnetic
moments are oriented along the c axis for TN2�T�TN1
�AF1�. This A-type antiferromagnetic structure is the same as
that of NpCoGa5,11 UPdGa5,9,10 and UPtGa5.10 The identical
magnetic structures are reasonably understood from the elec-
tronic structures of the compounds; these isoelectronic com-
pounds have very similar cylindrical Fermi surfaces.28–31 In
the AF2 phase below TN2, half-integer superlattice peaks
were observed in the �0 0 l� direction, indicating an exis-

tence of the in-plane component of antiferromagnetic mo-
ment below TN2.

The temperature dependence of �0 0 1/2� and �1 1 1/2�
antiferromagnetic Bragg intensity is shown in Fig. 3. Below
TN1, the antiferromagnetic peak �1 1 1/2� shows a continu-
ous increase in intensity with decreasing temperature,
whereas the intensity at �0 0 1/2� has not been observed in
AF1. At TN2, a sudden increase in peak intensity for
�1 1 1/2� and a sharp increase in �0 0 1/2� peak intensity
have been observed, indicating a first-order transition at the
moment of reorientation temperature TN2.

From the results of the magnetic profiles shown in Fig. 2,
we propose models of magnetic structures for the AF1 and
AF2 phases, as shown in the inset of Fig. 4. In AF1, the
direction of the Np moment is parallel to the c axis, and the
Np moment is in the basal plane in AF2.

We summarize the integrated intensity of the antiferro-
magnetic reflections in the �h 0 l� scattering plane for AF1
and AF2, shown in the upper and lower panel of Fig. 4,
respectively. The magnetic reflection intensity of a col-
linearly ordered single-ion system for an unpolarized neutron
beam can be written as

I�Q� � �2f2�Q��FM�Q��2�sin2 ��L��� , �1�

where � is the magnetic moment, FM�Q� is the magnetic
structure factor, f�Q� is the magnetic form factor, �sin2 �� is
the angle factor where � is the angle between the ordered
magnetic moments and the scattering vector Q, and L���
=1/sin 2� is the Lorentz factor for the present case. The
magnetic structure factor FM�Q� is unity for our model struc-
tures. The experimental intensity, corrected by absorption
correction, are denoted by solid circles for both AF1 and
AF2. They can be well reproduced by the model calculation,
indicated by solid bars as shown in Fig. 4. The Np magnetic
moments extracted from this analysis are �=0.89�4� �B at
T=3 K and �=0.32�10� �B at T=34 K. The Np moment
obtained for AF2 are consistent with that of the Mössbauer
experiment.18 The in-plane direction of magnetic moment
cannot be determined from the present result due to the do-
main structure. As described later we have confirmed that the

FIG. 2. �Color online� Temperature dependence of the line-scan
profile in NpRhGa5, along �a� �1 1 l� and �b� �0 0 l� measured at
T=7 K �AF2�, 34 K �AF1�, and 40 K �paramagnetic�.

FIG. 3. �Color online� The temperature dependence of �1 1 1/2�
��� and �0 0 1/2� ��� magnetic diffraction intensity. TN1 repre-
sents an antiferromagnetic order temperature. At TN2, a sharp in-
crease in �1 1 1/2� and �0 0 1/2� magnetic peaks indicates a first-
order transition, accompanied by reorietation of Np moments.
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moment direction is parallel to the �1 1 0� direction on the
basal plane.

The temperature dependence of the magnetic moment is
shown in Fig. 5. The magnetic moment is extracted by nor-
malizing the antiferromagnetic intensity with angle and Lor-
entz factors using Eq. �1�. The most remarkable point is the
presence of a discontinuous change in magnetic moment,
from 0.38 �B to 0.62 �B, observed at TN2. Therefore, the
first-order transition at TN2 is not a simple reorientation of
the magnetic moment but is accompanied with the strong
enhancement in the magnitude of the magnetic moments. As

described in the following discussion part, we conclude that
this transition is a consequence of the change of the 5f elec-
tronic state.

The direction of Np moments in the AF2 phase has been
determined by analysis of the magnetic domain structure un-
der a magnetic field. We have performed the neutron diffrac-
tion measurements with an external magnetic field B0 up to
10 T applied in the basal plane. The field dependence of the
magnetic diffraction intensity is shown in Fig. 6. With the
field applied along the �0 1 0	 direction, no significant
change in the �1 0 1/2� and �0 0 3/2� intensity has been
observed. This means that a multidomain structure is main-
tained in this field direction. For a magnetic field parallel to

the �1 1̄ 0	 direction, however, the �1 1 1/2� intensity is re-
duced to 14% for B0	8 T in comparison with that for B0
=0. The observed reduction is consistent with the model cal-
culation �21%� for a single-domain structure with the antifer-
romagnetic moment perpendicular to the field, namely, in the
scattering plane. In the multidomain case the integrated in-
tensity �Eq. �1�	 is calculated by the average of angle factor
�sin2 �� over domains. Therefore, a reduction in intensity in
the model calculation was obtained when we calculated the
angle factor for the single domain case. The �0 0 1/2� inten-
sity remains constant, indicating that the magnitude of mag-
netic moment shows no field dependence. From these results
we conclude that the �1 1 0� direction is the magnetic easy
axis in AF2.

C. Magnetic form factor

The magnetic form factor f�Q� is a direct measure of the
magnetization distribution. f�Q� can be described as the sum

FIG. 4. �Color online� The absorption-corrected experimental
integrated intensity of magnetic reflections at T=34 K �AF1� and
T=3 K �AF2�. The Np magnetic moments are �=0.32�10� �B at
T=34 K and �=0.89�4� �B at T=3 K. The inset figures represent
the magnetic structure of NpRhGa5, where Np is the unique mag-
netic atom. In AF1, the Np moment is parallel to the c axis. In AF2,
the moment is parallel to the �1 1 0� direction in the basal plane. Ga
atoms are not shown for clarity.

FIG. 5. �Color online� Temperature dependence of Np magnetic
moment and the magnetic structure of NpRhGa5. The magnetic mo-
ment exhibits a sharp jump accompanied by a reorientation of mo-
ments at TN2, indicating a change of 5f electronic state.

FIG. 6. �Color online� Field dependence of the magnetic peak
intensity at T=3 K �AF2�. The data obtained with field along the

�0 1 0	 and �1 1̄ 0	 directions are shown in the upper and lower
panel, respectively. The solid line is a guide to the eye.
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of the spin and orbital contributions fS�Q� and fL�Q�,32

�f�Q� = �SfS�Q� + �LfL�Q� , �2�

where �S and �L are the spin and orbital moments, respec-
tively. f�Q� can be expanded on the basis of spherical Bessel
functions. Within the dipole approximation, the spin and or-
bital components are given,

fS�Q� � �j0� , �3�

fL�Q� � �j0� + �j2� . �4�

By substituting Eqs. �3� and �4� into Eq. �2�, we obtain

�f�Q� = ���j0� + C2�j2�� , �5�

where �=�S+�L and C2=�L /�.
The experimental �f�Q�, calculated from absorption cor-

rected magnetic intensity �Fig. 7�, has been decomposed us-
ing Eq. �5�. The solid curve in Fig. 7 is a result of least-
squares fitting with two adjustable parameters � and C2. The
results of �, C2, and the decomposition in the spins and
orbital components are shown in Table II. The observed
magnetic form factor with �=0.89�4� �B and C2=2.42�2� at
T=3 K indicates the dominant contribution of orbital mo-
ment, with −�L /�S=1.71.

The estimated C2=2.42 is slightly different from the Np3+

free ion value �C2=2.33�. A recent result of de Hass-van

Alphen �dHvA� experiments by Aoki et al.28 reported that
the Fermi surface topology can be well explained by band
structure calculation with itinerant 5f electrons. Therefore,
the small reduction of orbital contribution might be associ-
ated with a partial quenching of �L where the 5f electrons
show an itinerant character.32

The measurement of the magnetic form factor in the AF1
phase was quite difficult, because the AF1 phase exists only
in a very narrow temperature range, where the magnetic peak
intensity is rather weak and highly sensitive to sample tem-
perature. Furthermore, the absence of low-Q peaks such as
�0 0 1/2� and �0 0 3/2� hinders a good analysis of the mag-
netic form factor to evaluate � and C2 parameters. Therefore,
we tried to determine if the magnetic form factor exhibits a
significant temperature dependence in comparison with the
one for the AF2 phase.

Figure 8 shows the temperature dependence of �f�Q�
normalized with f�Q� at T=3 K, �f�Q� / f�Q�T=3 K. The data
from several antiferromagnetic Bragg intensities are plotted
in the same scale on the basis of Eq. �1�. As shown in Fig. 8,
all data points of antiferromagnetic reflections in a wide Q
range are on a universal curve. Despite the high statistical
fluctuation observed in all curves, the magnetic form factor
f�Q� does not show a significant change with temperature
even below and above TN2. Thus, the magnetic form factor in
the AF1 phase would be similar to the one for the AF2 phase.
From these results we analyzed the data of the magnetic form
factor measurement in the AF1 phase assuming C2=2.42, the
same value as in the AF2 phase, and obtained the magnetic
moment �=0.32 �10��B. These values are also summarized
in Table II.

IV. DISCUSSION

The unusual temperature dependence of the magnetic
susceptibility17 shown in Fig. 9 can be qualitatively ex-
plained in terms of the magnetic structures determined by the
present study. The magnetic susceptibility along the c axis,

 
c, is larger than that perpendicular to the c axis, 
�c, in
the paramagnetic phase. Below TN1, 
 
c steeply decreases,

FIG. 7. �Color online� �f�Q� of NpRhGa5 at T=3 K. The
circles are the results of the absorption-corrected magnetic diffrac-
tion intensity as a function of Q /4�=sin � /�. The solid line is the
best fit of calculated magnetic form factor using Eq. �5� with � and
C2 as fitting parameters. The dashed and dotted lines show the
calculated curves for ��j0� and �C2�j2� terms, respectively.

TABLE II. Spin ��S� and orbital ��L� components of magnetic
moment in AF1 and AF2 phases, and Np3+ free ion case.

� ��B� �S ��B� �L ��B� −�L /�S C2

NpRhGa5 �34 K� 0.32�10� −0.45 0.77 1.71 2.42

NpRhGa5 �3 K� 0.89�4� −1.26 2.15 1.71 2.42

Np3+ 1.75 2.33

FIG. 8. �Color online� Temperature dependence of �f�Q� di-
vided by f�Q� at T=3 K for antiferromagnetic reflections in a wide
Q range. The solid line is a guide to the eye.
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whereas 
�c remains almost constant without any anomaly
at TN1. This behavior is consistent with the antiferromagnetic
structure in the AF1 phase �TN2�T�TN1� with the Np mo-
ment along the c axis. Thus, the c axis is the magnetic easy
axis. In the AF2 phase the magnetic anisotropy switches to
the in-plane easy axis. Therefore, we expect that some part of

 
c is recovered and some part of 
�c is suppressed, as
observed at TN2.

The most remarkable feature in the present neutron dif-
fraction study on NpRhGa5 is the discontinuous change in
the magnetic moment observed at TN2. We conclude that this
is a first-order transition between the low-moment and high-
moment 5f electronic states, accompanying the reorientation
of the moment direction, where � 
c is the low-moment state
at high temperatures �AF1� and ��c is the high-moment
state at low temperatures �AF2�.

The successive magnetic order and the transition of the 5f
electronic state can be qualitatively understood on the basis
of a localized 5f electron model. The recent 237Np Möss-
bauer study clarified the trivalent Np3+ state in NpTGa5.14,18

The J multiplet with 5f4 �J=4� configuration splits into two
doublets with �5 symmetry and five singlet states under a
crystalline electric field �CEF� with tetragonal point symme-
try. The CEF level scheme of NpCoGa5 has been studied
from the temperature dependence of the magnetic suscepti-
bility, based on a mean field Hamiltonian with CEF and an
anisotropic exchange interaction.13 Aoki et al. proposed a
doublet ground state with a singlet first excited state at 87 K.
The level scheme is shown in Fig. 10. The other levels have
excitation energies of more than 1000 K; thus, we can ignore
these high energy levels when we discuss magnetic proper-
ties below room temperature. The magnetic entropy of R ln 2
relative to TN is consistent with the doublet ground state.11

The observed magnetic moment of approximately

0.8 �B/Np11 is somewhat smaller than that expected from
the CEF model, 1.25 �B/Np.13 However, the reduction of
the magnetic moment is reasonable because of the itinerant
character of the 5f electrons in NpCoGa5.

The doublet ground state has only Jz observed in
NpCoGa5, as easily understood from the wave function

�0� = 0.8733� ± 3� + 0.4872� � 1� . �6�

The symmetry of the wave function does not allow the in-
plane components Jx and Jy,

�0�Jx�0� = �0�Jy�0� = 0. �7�

This characteristic is the origin of the strong uniaxial mag-
netic anisotropy in NpCoGa5. The in-plane component of
NpRhGa5 in the AF2 phase can be produced only by mixing
the excited singlet state

�1� = 0.4682�− 4� + 0.7494�0� + 0.4682� + 4� �8�

into the doublet ground state.
The off-diagonal order accompanies the in-plane mag-

netic component

gJ � �0�Jx + Jy�1��B = 1.2�B, �9�

where gJ is the Landé g factor �3/5 for Np3+�.
Note that the CEF level scheme of NpRhGa5 is expected

to be very similar to that of NpCoGa5 because of the
similarity in electronic structure; they are isoelectronic
compounds, having very similar cylindrical Fermi
surfaces,28,29,33–35 and the antiferromagnetic propagation vec-
tor q� = �0 0 1/2� is also identical.11

Recently, this scenario was discussed theoretically by
Kiss and Kuramoto.36 They succeeded to explain the mag-
netic structure and the magnetic phase diagram of NpTGa5
�T=Co, Rh, and Ni� in terms of the mean field theory based
on a localized model with CEF, and dipole and quadrupole
interactions. The most interesting result in their theoretical
study is the prediction of coexistence of ferroquadrupole or-
der and antiferromagnetic order in NpRhGa5. Therefore the
competing magnetic and quadrupolar interactions in the
multi-5f orbital might be the origin of the successive mag-
netic transition.

Contrary to the rather simple and classical arguments
based on the localized 5f electron picture mentioned above,
it was suggested that NpRhGa5 is an itinerant antiferromag-
net from dHvA experiments.28 A slight suppression of
−�L /�S, observed in the present study, might be somewhat
indicative for the itinerant behavior of 5f electron in
NpRhGa5. To date, there has been no clear explanation for
the magnetic structure and the successive transition in
NpRhGa5 from the band theory. A comparison of the total
energy calculation for various types of ordering35 would give
a clue to the understanding of the unusual transition of the 5f
electronic state, although calculations for finite temperatures
would be very hard. Opahle et al.37 has reported the impor-
tance of orbital polarization correction in their calculation for
NpCoGa5. We may expect some competing effect of the
Fermi surfaces originating from different bands. Recently, a
theoretical study based on j-j coupling scheme has been pro-

FIG. 9. �Color online� The magnetic susceptibility of NpRhGa5

in the vicinity of the magnetic transition temperatures �Ref. 17�.

FIG. 10. Low-energy CEF scheme in NpCoGa5 �Ref. 13�.
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posed to describe the magnetic structure of NpTGa5.38 The
successive magnetic order associated with the transition of
the 5f electronic state appearing in the family of 115 com-
pounds would shed light on this issue.

V. CONCLUSIONS

NpRhGa5 exhibits an antiferromagnetic order with the
propagation q� = �0 0 1/2�. The moment direction is parallel
to the c axis for 33 K�T�36 K, and it is in-plane along
�110� for T�33 K. The moment sizes are 0.32�10� �B at
34 K and 0.89�4� �B at 3 K. A marked discontinuous change
of the magnetic moment has been observed at the first-order
transition at TN2=33 K. It has been observed that the mag-
netic form factor has a dominant orbital moment. The small

suppression of orbital contribution might be due to the itin-
erant character of a 5f electron state. The successive mag-
netic order is discussed in terms of the localized model. We
conclude that this is associated with the transition of the 5f
electronic state between low-moment and high-moment
states, which suggests the competing magnetic and quadru-
polar interactions between different 5f orbitals.
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