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We report spin-lattice relaxation time measurements in isostructural �HoCoGa5-type� actinide compounds
with different ground states �paramagnet, antiferromagnet, and superconductor� using single-crystal samples.
The anisotropy of local magnetic fluctuations due to LS coupling on the actinide �magnetic� site is evaluated.
In the superconductor PuRhGa5, the XY-type magnetic anisotropy is strong compared with nonsuperconducting
compounds. Favorable magnetic anisotropy for d-wave superconductivity in f-electron systems is discussed.
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Recently, new superconductors have been found among
Pu-based compounds. Since Tc values in these compounds
are quite high �Tc=18 K in PuCoGa5 �Ref. 1� and 9 K in
PuRhGa5 �Ref. 2��, the origin of the high Tc attracts a great
deal of interest. In strongly correlated electron systems such
as 4f- and 5f-electron heavy-fermion compounds and
3d-electron high-Tc cuprates, unconventional superconduc-
tivity is considered to be mediated by magnetic fluctuations.3

In fact, NMR studies have indicated d-wave superconductiv-
ity in PuCoGa5 �Ref. 4� and PuRhGa5,5 and a correlation
between the characteristic magnetic fluctuation energy and
Tc has been found among f-electron heavy-fermion super-
conductors �Tc�1 K�, including the Pu-based ones �Tc

�10 K�, and cuprates �Tc�102 K�.4
However, in order to create a unified picture of magneti-

cally mediated superconductivity in the d- and f-electron
systems, the anisotropy of local magnetic fluctuations needs
to be addressed as an important difference between the
f-electron and d-electron systems, in addition to the scaling
between the characteristic magnetic fluctuation energy and
Tc. Since the LS coupling is weak in 3d systems, orbital and
spin degrees of freedom are usually well separated. In fact,
from neutron scattering studies in tetragonal cuprate super-
conductors, e.g., La2−xSrxCuO4, the spin variables are well
decoupled from the orbital variables, and the local �Cu site�
magnetic �spin in this case� fluctuations are almost isotropic
in the paramagnetic state.6 On the other hand, in f-electron
heavy-fermion superconductors the LS coupling is strong,
leading to an anisotropic magnetic fluctuation reflecting the
lattice anisotropy, although there has been no systematic
study on the relation between superconductivity and the an-
isotropy of local magnetic fluctuations up to now.

Monthoux and Lonzarich7 discussed a qualitative relation
between the anisotropy of local magnetic fluctuations and
magnetically mediated superconductivity, indicating that
Ising-type anisotropy is favorable for superconductity via
ferromagnetic fluctuations, whereas, in contrast, isotropic
fluctuations are favorable for supercondctivity via antiferro-
magnetic fluctuations. This discussion indicates that the an-
isotropy of the fluctuations is considered to be an important
factor for superconductivity mediated by magnetic fluctua-

tions, although no actual cases are considered in their discus-
sion.

In this Rapid communication, we evaluate the relation
between local magnetic anisotropy and superconductivity in
f-electron systems, and discuss possibly favorable magnetic
fluctuation anisotropy for d-wave superconductivity in
strongly correlated f-electron superconductors.

Compounds with the HoCoGa5 �115� structure are good
systems for investigating the relation between magnetism
and superconductivity, since various ground states are found
to occur: superconductors with low Tc ��1 K� in 4f Ce 115
systems,8 and, in contrast, magnetically ordered systems in
5f U and Np 115 systems,9 in addition to the Pu 115 super-
conductors with high Tc values. In this report, we have esti-
mated systematically the anisotropy of magnetic fluctuation
energies in actinide �A� 5f 115 compounds with different
ground states: antiferromagnetic �AFM� UPtGa5 �TN

=25 K�, NpCoGa5 �TN=47 K�, and NpFeGa5 �TN=115 K�,
paramagnetic �PM� UFeGa5, and superconducting �SC�
PhRhGa5 �Tc=9 K�.

Figure 1 shows the T dependence of the static susceptibil-
ity along the c axis �c�0�. In the AFM systems UPtGa5,10

NpFeGa5, and NpCoGa5,9 �c�0� in the paramagnetic state
exhibits Curie-Weiss �CW� behavior at high temperatures,

FIG. 1. T dependence of the static susceptibility �c�0� for H �c
in actinide 115 compounds.
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which is expected for localized-moment systems. In contrast,
the ordered moment is considerably smaller, i.e. 0.3�B for
UPtGa5, 0.86�B for NpFeGa5, and 0.7�B for NpCoGa5,11

reflecting their itinerant nature. These facts imply that these
AFM compounds have localized character at high tempera-
ture, becoming itinerant at low temperature, and finally hav-
ing an itinerant ordered state.12 The magnetic structure of the
ordered state has a propagation vector Q= �0,0 ,1 /2�, with an
ordered moment parallel to �001� in UPtGa5 and NpCoGa5,
while, in contrast, in NpFeGa5 Q= �1/2,1/2,0� with an or-
dered moment parallel to �110�.11 This difference of the or-
dered structures is also reflected in the paramagnetic state
fluctuations as discussed below.

In PM UFeGa5,13 �c�0� is small and has the weak T de-
pendence expected for an itinerant Pauli paramagnet.

In SC PuRhGa5,14 it is difficult to estimate the intrinsic T
dependence of �c�0�, particularly at low temperatures, owing
to the presence of magnetic impurities. In any case, CW
behavior is observed above 30 K.

The preparation and bulk property measurements of the
samples have been presented previously.9,10,13 Of the two
crystallographically inequivalent Ga sites, Ga�1� �1c� and
Ga�2� �4i�,5 NMR results for the Ga�2� sites are discussed in
this paper. 69,71Ga NMR measurements have been performed
using a conventional pulsed spectrometer with a 12 T super-
conducting magnet. Spin-lattice relaxation time �T1� data
were also obtained using digital averaging of spin-echo sig-
nals. The relaxation times T1 have been determined with ap-
plied magnetic field H � �001� and H � �100�. From compari-
son of T1 for the 69Ga and 71Ga isotopes, the fluctuations are
known to be magnetic in the paramagnetic state up to 300 K
in all the compounds. Hereafter, 69Ga�2� NMR results are
presented.

Since the principal axis n�ZZ of the electric field gradient is
perpendicular to the �010� plane at the Ga�2� site, when
H � �100� there are two magnetically inequivalent Ga�2� sites:
the Ga�2a� site �n�ZZ �H� and Ga�2b� site �n�ZZ�H�. The
Knight shift K and 1/T1T have been measured for both sites,
i.e., K� and 1/T1TH�� ��=a for the Ga�2a� site and �=b for
the Ga�2b� site�, in addition to Kc and 1/T1TH�c for the case
of H � �001� ��=c�.

We define the spin-lattice relaxation rate R�

��n
2�qA��q�2Im ���q ,�n� /�n ��=a ,b ,c�. Then 1/ �T1T�H�a

=Rb+Rc, 1 / �T1T�H�b=Rc+Ra, 1 / �T1T�H�c=Ra+Rb, where �n

is the gyromagnetic ratio, A�q� is the hyperfine coupling con-
stant, and Im ���q ,�n� is the dissipative component of dy-
namical susceptibility at NMR frequency �n. Using the
above three equations, Ra,b,c are then obtained from experi-
mental data for 1 / �T1T�H�a,b,c. Magnetic fluctuations at the A
site dominate Im ���q ,�n�, which affects the Ga site through
the transferred hyperfine coupling constant A�q�, as dis-
cussed below. Therefore, the magnetic fluctuations at the A
site can be characterized through the Ga NMR measure-
ments.

Figure 2 shows the temperature dependence of the spin-
lattice relaxation rate Ra and Rc in the paramagnetic state of
actinide 115 AFM, PM, and SC compounds.

In AFM UPtGa5, NpFeGa5, and NpCoGa5, Ra,c is large,
and the static susceptibility shows CW-like behavior. This

means that the dynamical susceptibility has no strong q de-
pendence in the paramagnetic state at high temperature,
which indicates localized behavior for these compounds.

In PM UFeGa5, Ra,c have small T dependences compared
with the other compounds, i.e., T1T�const, which is usually
expected for itinerant systems. The extended Korringa rela-
tion for ligand sites,15 1 /T1T=4�kB�−1n−1��n /�e�2K���Ks

2,
where Ks is the spin part of the Knight shift, and n�4 is the
number of neighboring magnetic sites for the Ga�2� site. The
exchange enhancement parameter K��� is estimated to be
�1, if the observed Knight shift K is used as Ks. Principally,
K���	1 for AFM systems, but K���
1 for a FM one. As
the orbital part Korb of the Knight shift cannot be separated
precisely from the total observed shift K=Korb+Ks,

16 it is
difficult to distinguish AFM from FM correlations here. In
any case, UFeGa5 appears to have a typical itinerant ground
state with weak magnetic correlations.

Estimates suggest K����1 for PuRhGa5,17 indicating
considerable AFM correlations in this compound. In addi-
tion, the T dependence of Ra,c in SC PuRhGa5 can be re-
garded as intermidiate behavior between those of AFM and
PM, indicating that the superconductivity is considered to
appear on the border between strongly magnetic localized
and weakly magnetic itinerant systems.

In the present paper, we focus on T1 for the Ga�2� site,
since fluctuations over a wider extent of q space can be de-
tected compared with Ga�1� or the transition metal sites, ow-
ing to the lower symmetry of the Ga�2� site.18 In addition, we
focus on the paramagnetic state where Im ���q ,�n� has no
strong q dependence.18 We therefore ignore the q depen-
dence of A�q�2Im ���q ,�n�, taking �qA�q�2Im ���q ,�n�
��A�0�2 /n�Im ���q ,�n� �the overbar means the q average�
for the Ga�2� site, where A�0� has been estimated from the
slope of the so-called K-� plot. Then, using the usual Lorent-
zian approximation for Im���q ,�n� with the magnetic fluc-
tuation energy ��q�, Im���q ,�n� /�n=���q� /���q�, the rela-
tion for the strongly correlated limit approximation,19

2����q����q��1, and n�4, we find the relation between
R� and the q-averaged �local� magnetic fluctuation energy at
the A site,

FIG. 2. T dependence of spin-lattice relaxation rates Ra and Rc

at 69Ga�2� site in the paramagnetic state of actinide 115 compounds.
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R� =
�n

2A��0�2

8���
2 , �1�

where �������q�2�1/2.
It should be noted that, if we estimate �� using the ap-

proximation ���q� /���q�����0� /���q�, instead of the
strongly correlated limit approximation, the discussion below
does not change. Although Ra is different from Rb experi-
mentally, due to a difference between Aa�0� and Ab�0�, �a

has been confirmed to be the same as �b, consistent with the
tetragonal local symmetry of the A site in the paramagnetic
state. Therefore we discuss only Ra and Rc below.

In order to obtain the T dependence of �a,c, A��0� has
been estimated from a plot of K� vs ���0� ��=a ,b ,c�. Since
these values are considerably larger than the dipolar fields,
the main contribution comes from the transferred hyperfine
field due to hybridization between 5f and Ga 4s ,4p orbitals.
In UFeGa5, UPtGa5, and NpFeGa5, the K�-���0� plot is lin-
ear in the paramagnetic state up to 300 K. On the other hand,
in PuRhGa5, the K�-���0� plot has an anomaly below 30 K,
which may be due to a magnetic impurity contribution in
���0�. We think the estimated A�0�� values are correct, since
they yield �a=�b in all the compounds. The values of A��0�
are presented in Table I. Since positive and negative values
are found for Aa,b�0�, the Ruderman-Kittel-Kasuya-Yosida
contribution to the transferred hyperfine coupling may be
rather strong in these systems.

Using the value obtained for A��0�, �a,c is estimated from
Ra,c and Eq. �1�. Figure 3 shows the temperature dependence
of �a and �c. In contrast with cuprate superconductors, in all
these compounds � is anisotropic.

In PM UFeGa5, Eq. �1� may not be appropriate, since the
correlation is not strong in this compound. At least �a,c is
large, since the exchange enhancement is small and shows a
small T dependence, which is consistent with weak correla-
tions for this compound.

In AFM UPtGa5, NpFeGa5, and NpCoGa5, �a,c show only
slight T dependence at high temperature �except for �c of
NpCoGa5�, and decrease due to critical slowing down toward
TN, although the T dependence near TN may not be precise,
since the q dependence of Im���q ,�n� is ignored here. The
rather T-independent behavior observed below 300 K may
correspond to a crossover from the Kondo screening region

at low temperatures to the localized moment region at high
temperatures, as was proposed theoretically and observed in
CeRhIn5 around 20 K.22 Since the crossover temperature is
proportional to �a,c, which is ten times larger in the present
5f 115 compounds, it is natural that such a crossover would
take place above 300 K in the present cases. In the localized
moment region at high temperatures, we expect �a,c
T.
Such behavior would be observed above 300 K in the
present AFMs. For �c of NpCoGa5, this behavior is already
seen below 200 K, perhaps because the localized character is
strong along the c axis.

We find �a	�c in UPtGa5 and NpCoGa5, but �a
�c in
NpFeGa5, indicating that the 5f moment tends to be ordered
parallel to the c axis in UPtGa5 and NpCoGa5, whereas it is
perpendicular to the c axis in NpFeGa5. This tendency is
consistent with the observed orientation of the ordered mo-
ments in both compounds,11 which justifies the present esti-
mation of �a,c values using Eq. �1�.

In SC PuRhGa5, the weak T dependence observed for �a,c
corresponds to the above crossover region. It is remarkable
that the anisotropy of this compound is particularly large
compared with the other 115 compounds �Table I�. Since �a
is considerably smaller than �c, this compound has a strong
XY-type magnetic anisotropy.

Theoretically, in the strongly correlated systems, p-wave
superconductivity in FM systems favors Ising-type coupling,
since only longitudinal fluctuations can contribute to the at-
tractive force. In contrast, d-wave superconductivity in AFM
systems favors a more isotropic coupling, since both longi-

TABLE I. Hyperfine coupling constants A��0� at the Ga�2� site
��=a ,b ,c axes� in kOe/�B and anisotropy of �� at 150 K in ac-
tinide 115 compounds. For comparison, the estimated �c /�a in
CeCoIn5 at 10 K based on 115In NMR results is shown �Ref. 17�.

Compound Aa�0� Ab�0� Ac�0� �c /�a

UFeGa5 PM �Ref. 18� 17 19 14 0.72

UPtGa5 AFM �Ref. 16� 17 20 10 0.68

NpCoGa5 AFM �Ref. 20� 44 38 25 0.95

NpFeGa5 AFM �Ref. 21� 16 21 30 1.7

PuRhGa5 SC �Ref. 17� −3 −1.5 21 8.1

CeCoIn5 SC �Ref. 22� 1.5

FIG. 3. T dependence of the local magnetic fluctuation energy
along the a axis, �a, and the c axis, �c. The dashed line is a guide
to the eye.
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tudinal and transverse fluctuations can contribute to the at-
tractive force.7 In fact, in the p-wave superconductor UGe2,
the Ising FM character is quite strong.23 From the present
study of the actinide 115 systems, d-wave superconductivity
appears only in PuRhGa5, which has a strong AFM XY-type
anisotropy. The strong AFM XY-type anisotropy is also
found in isostructural SC CeCoIn5 at temperatures below
20 K using 115In NMR results22 �Table I�. Furthermore, in
the tetragonal CePd2Si2 �Ref. 24� and hexagonal UPd2Al3
�Ref. 25� d-wave superconductor, the AFM ordered moment
lies in the basal plane, indicating XY-type magnetic aniso-
tropy. In contrast, for Ising-type antiferromagntic com-
pounds, e.g., tetragonal CeRu2Si2,26 no superconductivity
has been found. An exception is tetragonal CeRh2Si2,27

which has an AFM ordered moment along the c axis, and
shows superconductivity under pressure. However, a
4q-complex AFM ordered phase appears at low temperatures
in this compound, which suggests a frustrated magnetic in-
teraction. Such a complexity may be the origin of the excep-
tional behavior.

From these observations we can suggest that, in tetragonal
and hexagonal, strongly correlated f-electron systems, at

least the XY-type is more favorable than Ising type for AFM
d-wave superconductivity. In the cuprate AFM d-wave su-
perconductors, quite high Tc values are observed for the iso-
tropic � case, as predicted by Monthoux and Lonzarich. An
interesting question is whether a strongly XY type is more
favorable than a nearly isotropic one in tetragonal and hex-
agonal f-electron d-wave superconductors. In order to an-
swer this question, we should consider the role of orbitals
exhibiting LS coupling explicitly.28 In the present discussion,
the dimensionality of the system has been ignored, although
it should be included for a more realistic treatment.

In conclusion, the anisotropy of magnetic fluctuations has
been estimated systematically for isostructural actinide 115
compounds with various ground states, using spin-lattice re-
laxation time measurements. Compared with the non-SC
compounds, the AFM XY-type magnetic anisotropy is found
to be quite strong in PuRhGa5, which shows d-wave super-
conductivity at quite a high Tc.

The authors thank T. Hotta, K. Kubo, N. Metoki, K.
Kaneko, N. J. Curro, T. Takimoto, and T. Moriya for stimu-
lating discussions.

1 J. L. Sarrao et al., Nature �London� 420, 297 �2002�.
2 F. Wastin et al., J. Phys.: Condens. Matter 15, S2279 �2003�.
3 M. D. Mathur et al., Nature �London� 394, 39 �1998�.
4 N. J. Curro et al., Nature �London� 434, 622 �2005�.
5 H. Sakai et al., J. Phys. Soc. Jpn. 74, L1710 �2005�.
6 M. A. Kastner et al., Rev. Mod. Phys. 70, 897 �1998�.
7 P. Monthoux and G. G. Lonzarich, Phys. Rev. B 63, 054529

�2001�.
8 H. Hegger, C. Petrovic, E. G. Moshopoulou, M. F. Hundley, J. L.

Sarrao, Z. Fisk, and J. D. Thompson, Phys. Rev. Lett. 84, 4986
�2000�.

9 D. Aoki et al., J. Phys. Soc. Jpn. 73, 2608 �2005�; 74, 2323
�2005�.

10 Y. Tokiwa et al., J. Phys. Soc. Jpn. 71, 845 �2002�.
11 N. Metoki, J. Phys. Soc. Jpn., Suppl., 75, 24 �2006�.
12 A. Galatanu et al., J. Phys. Soc. Jpn. 74, 1582 �2005�.
13 S. Ikeda et al., Physica B 359-361, 1039 �2005�.
14 Y. Haga et al., J. Phys. Soc. Jpn. 74, 1698 �2005�.
15 A. Narath and H. T. Weaver, Phys. Rev. 175, 373 �1968�.

16 H. Kato et al., J. Phys. Soc. Jpn. 72, 2357 �2003�.
17 H. Sakai et al., J. Phys. Chem. Solids �to be published�.
18 S. Kambe et al., J. Magn. Magn. Mater. 310, 176 �2007�.
19 H. Shiba, Prog. Theor. Phys. 54, 967 �1975�.
20 H. Sakai et al. �unpublished�.
21 S. Kambe et al., Physica B 359-361, 1072 �2005�.
22 N. J. Curro et al., Phys. Rev. Lett. 90, 227202 �2003� and private

communications.
23 Y. Ōnuki et al., J. Phys. Soc. Jpn. 61, 293 �1992�.
24 B. H. Grier, J. M. Lawrence, V. Murgai, and R. D. Parks, Phys.

Rev. B 29, 2664 �1984�.
25 E. Blackburn, A. Hiess, N. Bernhoeft, and G. H. Lander, Phys.

Rev. B 74, 024406 �2006�.
26 L. P. Regnault, W. A. C. Erkelens, J. Rossat-Mignod, P. Lejay,

and J. Flouquet, Phys. Rev. B 38, 4481 �1988�.
27 S. Kawarazaki, M. Sato, Y. Miyako, N. Chigusa, K. Watanabe, N.

Metoki, Y. Koike, and M. Nishi, Phys. Rev. B 61, 4167 �2000�.
28 K. Kubo and T. Hotta, J. Phys. Soc. Jpn. 75, 083701 �2005�.

KAMBE et al. PHYSICAL REVIEW B 75, 140509�R� �2007�

RAPID COMMUNICATIONS

140509-4


