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Fig. 5. Pressure dependence of 29Si NMR spectra below 
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Fig. 6. Pressure dependence of 29Si internal field and 
volume fraction of AF and PM regions. 
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Fig. 7. Temperature dependence of 29Si NMR spectra 
obtained at 1.38 and 1.75 GPa.  
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Figure 13. Angular dependence of the dHvA frequency in URu2Si2.

needs further experimental investigation, principally of the
angular dependence under pressure. The pressure depen-
dence of the FFT frequencies is shown in Fig. 4(b). F  
increases slightly with pressure and then has a plateau in
the AF phase, in agreement with Ref. [22]. F  is, apart
from the increased splitting (position of the second peak
indicated by the dashed line), independent of pressure. F  
decreases with pressure and then jumps to a higher value at
Px. Pockets of this size are very sensitive to small changes
of the band structure.

These measurements indicate no significant change in
the FS in between the HO phase and the AF phase. In two
recent theoretical proposals the order parameter has an
ordering vector Q ¼ ð001Þ [4,7], and the FS in the AF
and HO states are similar or the same within each model.
All the masses decrease with pressure, as seen in Fig. 4(c).
The decrease agrees with the decrease of the A coefficient
of the T2 behavior of  $  0 with pressure [29].

To conclude, by measuring the magnetoresistance at
ambient pressure for different angles between H k c and
H k a, we have detected the heavy branch  and we have
shown that the previously detected heavy  branch splits
into two branches when rotating the field from the c to the a

axis. Pockets of this shape appear in band structure calcu-
lations in the AF state. Independently of calculations, under
pressure for H k c the FS shows only minor changes
between the HO state and the AF state. These are strong
indications that both phases have the same unit cell dou-
bling and the same ordering vector. All the detected FS
pockets can account for 55% of the Sommerfeld coefficient

determined by specific heat measurements. Our accurate
experimental determination of the FS is a good test for
theoretical proposals of the HO phase when complete band
structure calculations will be achieved [4,7,26,27].
Recently, the angular dependence of the SdH frequencies
in the AF phase [7] was published [21], and the angular
dependence of the  and  branches seems in reasonable
agreement with the data presented here at ambient pressure.
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FIG. 4 (color online). (a) FFT spectra of SdH measurements in
URu2Si2 for H k c at the lowest temperature of T % 35 mK for
P ¼ 0:05 GPa and T % 25 mK for P ¼ 1:55 GPa. (b) Pressure
dependence of the FFT frequencies. The  peak is split as
explained in the text, indicated by the dashed lines.
(c) Pressure dependence of the effective masses determined in
a field range of 8–13 T.
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Figure 2. (a) Integrated intensity of the (003) Bragg reflection vs. 
azimuthal angle  of URu2Si2. (b) Calculations of the RXS intensity for 
the type-I order of the quadrupole moments of Ox2-y

2 and Oxy [21].  
 
In order to explore the possibility of quadrupolar ordering with a different propagation vector, we 

further performed a two-dimensional mesh scan in the region of 0.25  h  0.42 and 2.0  l  3.0 in 
the principal (h0l)  plane that we could survey in the present experimental setup. The mesh ( h ~ l ~ 
0.0033) was chosen to be about a half width at half maximum of the (003) reflection peak. As seen in 
Fig. 3, no significant peak was observed in the region within the statistical error of about one-tenth of 
the (003) peak intensity. The reciprocal-lattice point (0.4 0 3) corresponds to the wave vector Q* = (1.4, 
0, 0), where strong longitudinal spin fluctuations are known to appear in the inelastic NS spectra 
[15,23]. The phenomena reflect the collective excitations from the HO ground state, and their 
temperature variations compared with band calculations suggest a close relationship between HO and 
a Fermi-surface nesting instability with Q*[23,24] Novel incommensurate quadrupolar order, which 
has actually been observed in PrPb3[25], may be expected, but the present experimental results discard 
this possibility at least in the scanned Q range as well as Q*, within the experimental accuracy.  

 
Figure 3. The RXS-intensity profile obtained from a mesh scan in 
the (h0l) plane and a line scan through (003). The scanning region 
is indicated by a shaded area in the inset. Filled (open) circles 
indicate the lattice (magnetic) Bragg points, respectively. Squares 
correspond to the reflection points expected for the Q* ordering. 
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Proposed theoretical models 
•  Double- or triple-spin correlator  V.Barzykin and L.P.Gor’kov, PRL (93) 
•  Quadrupole (Rank 2)   P.Santini and G.Amoretti, PRL (94) 

     H.Harima, K.Miyake, and J.Flouquet, JPSJ (10) 
•  Octupole (Rank 3)   A.Kiss and P.Fazekas, PRB (05) 
•  Hexadecapole (Rank 4)   K.Haule and G.Kotliar, Nature Phys. (09) 

     H.Kusunose and H.Harima JPSJ(11) 

•  Dotriacontapole (Rank 5)  F.Cricchio et al. PRL (09) 
•  Spin Density Wave   V.P.Mineev and M.E Zitomirsky, PRB (01) 
•  Unconventional SDW   H.I and Y.Ohashi, PRL (98) 
•  d-density wave   A.Virosztek, et al. Int. J. Mod. Phys. (02) 
•  Orbital antiferromagnetism  P.Chandra et al. Nature (02) 
•  Helicity order    C.M. Varma and L.Zhu, PRL (06) 
•  Dual model    A.E.Sikkema, et al. PRB (96) 

     Y.Okuno and K.Miyake, JPSJ (98) 
•  Spin Nematic    S.Fujimoto PRL (10) 
•  Hybridization wave   Y.Dubi and A.V.Balatzky PRL (11) 
•  Modulated spin liquid   C.Pepin et al. PRL (11) 
•  Hastatic order   P.Chandra, P.Coleman, R.Flint, arXiv (12) 
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IKUTO KAWASAKI et al. PHYSICAL REVIEW B 83, 235121 (2011)

the measurements. SX-ARPES experiments have been carried
out at the SPring-8 BL23SU. The base pressure was typically
8×10−9 Pa. The energy resolution was set to about 140 meV
for hν = 760 eV. The sample temperature was kept at 20 K,
which is above T0. The E F of the samples was referred to that
of an evaporated gold film. The band structure of URu2Si2
was calculated by using the relativistic linearized augmented
plane-wave method within the LDA.33 In our calculation, we
used the lattice parameters determined by x-ray diffraction
experiments.1,34

III. RESULTS AND DISCUSSION

Figure 1(a) shows the body-centered tetragonal Brillouin
zone (BZ) of URu2Si2 in the paramagnetic phase. In the present
study, we have changed the photoemission detection angle
as well as the photon energy to reveal the three-dimensional
electronic structure. Figure 1(b) shows an image plot of the
ARPES spectra of URu2Si2 measured at 20 K along the several
high-symmetry lines. The ARPES spectra in the "-X-Z plane
were obtained by changing the photoelectron detection angle
and fixing the photon energy to hν = 760 eV while the ARPES
spectra along the "-(#)-Z line were obtained by changing the
photon energy from 680 to 760 eV and fixing the photoelectron
detection angle. Here we use the inner potential of V0 = 12
eV, which was determined by the previous study.24 These
ARPES spectra were normalized with the area of each energy
distribution curve. In Fig. 1(b), several energy dispersions are
clearly observed. In this photon energy region, the U 5 f and
Ru 4d contributions are about one order of magnitude larger
than those of the other states.35 Recently, we have revealed
from an angle-integrated photoemission study that the U 5 f
states are distributed in the binding energy (E B) range between
0.6 eV and E F.36 This suggests that bands in the vicinity of
E F are dominated by the contributions from the U 5 f states
while bands in E B = 0.6–2.5 eV are contributions from the Ru
4d states. Here, it should be noted that the overall features of
Ru 4d–derived bands are almost identical to those in previous
ARPES studies.24,26

For comparison, the result of the LDA calculation treating
all U 5 f electrons as itinerant bands is shown in Fig. 1(c).
The number of U 5 f electrons obtained by integrating the
partial density of f states within the muffin-tin sphere is
estimated to be n f ∼ 2.6. The colors of each band represent
the contributions from the U 5 f and Ru 4d states. In the
energy region E B = 0.6–2.5 eV, there exist strongly dispersive
bands, and they originate mainly from the Ru 4d states.
On the other hand, the U 5 f states are distributed in the
vicinity of E F and also form dispersive bands. Comparison
between the experiment and the calculation shows that
the experimental bands in the energy region of E B = 0.6–
2.5 eV are in reasonable agreement with the bands 1–3 of the
LDA calculation. These are contributions mainly from the Ru
4d states, and the agreement is consistent with the previous
ARPES studies.24,26

Here, we comment on the relationship between the present
band structure calculation and the existing other calculations.
The essential band structure of the present calculation is
consistent with the LDA calculation by Oppeneer et a l .29

although the topology of their FS is slightly different from the
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FIG. 1. (Color online) (a) Brillouin zone of URu2Si2. The band
dispersions were measured along high-symmetry lines indicated by
blue and red lines. The Fermi surface images shown in Fig. 3
were measured in the blue and red planes. (b) ARPES spectral
image of URu2Si2 measured along the high-symmetry lines. (c)
Calculated band structure of URu2Si2. Colors of each band represent
the contributions from the U 5 f and Ru 4d states.

present result. On the other hand, the present band structure
calculation is very different from the calculation based on the
dynamical mean-field theory (DMFT) by Haule and Kotliar.30

This is because the DMFT calculation assumed a nearly
localized U 5 f 2 configuration.

Next, we discuss the electronic structures near E F. To see
detailed behaviors of the bands near E F, we have normalized
the ARPES spectra shown in Fig. 1(b) to the area of each
momentum distribution curve (MDC) and taken their second
derivatives along the momentum direction. Figure 2(b) shows
the band structure around E F obtained by this procedure.
Bright points in this image correspond to the positions of
peaks in the MDC curves. It is shown that there exist several
bands in this energy range, and some of them cross E F. Figure
2(a) shows the photoemission intensity integrated within E F ±
50 meV. The peaks in Fig. 2(a) correspond to the approx-
imate positions of the Fermi momenta (kF). In the case
of localized U 5 f 2 systems like UPd3, it is expected that
the U 5 f states have nondispersive bands arising from
the 5 f 1 final states.37 In contrast, the observed spectra
clearly demonstrate that the U 5 f states contribute to the
energy band formation and have an itinerant character in this
compound.

235121-2

ARPES in paramagnetic 
phase 
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APPLICATION TO URU2SI2	


  Construction of realistic itinerant model  in 
URu2Si2 based on the first-principles 
calculations 

  The first report of a complete set of 
multipole density wave correlations 

   Hidden Order parameter : AF Rank-5 
(dotriacontapole) state with E- irreducible 
representation (breaking fourfold 
symmetry and time-reveral symmetry) 

LETTERS
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Emergent rank-5 nematic order in URu2Si2
Hiroaki Ikeda1*, Michi-To Suzuki2, Ryotaro Arita3, Tetsuya Takimoto4, Takasada Shibauchi1

and Yuji Matsuda1

Exotic electronic states resulting from entangled spin and
orbital degrees of freedom are hallmarks of strongly correlated
f-electron systems. A spectacular example is the so-called
hidden-order (HO) phase transition1 in the heavy-electron
metal URu2Si2, which is characterized by the huge amount of
entropy lost at THO = 17.5K (refs 2,3). However, no evidence
of magnetic/structural phase transition has been found below
THO so far. The origin of the HO phase transition has
been a long-standing mystery in condensed-matter physics.
Here, on the basis of a first-principles theoretical approach,
we examine the complete set of multipole correlations
allowed in this material. The results uncover that the HO
parameter is a rank-5 multipole (dotriacontapole) order with
nematic E− symmetry, which exhibits staggered pseudospin
moments along the [110] direction. This naturally provides
comprehensive explanations of all key features in the HO
phase including anisotropic magnetic excitations, the nearly
degenerate antiferromagnetic-ordered state and spontaneous
rotational-symmetry breaking.

In the rare-earth and actinide compounds, f electrons behave
like well-localized moments at high temperatures. As the tem-
perature is lowered, f electrons begin to delocalize owing to the
hybridization with conduction electron wavefunctions. At yet lower
temperatures the f electrons become itinerant, forming a narrow
conduction bandwith heavy effective electronmass, which is largely
enhanced from the free-electron mass. Notable many-body effects
within the narrow band lead to a plethora of fascinating physical
phenomena including multipole order, quantum phase transition
and unconventional superconductivity. Among them, perhaps the
appearance of a HO state in URu2Si2 is one of the most mysterious
phenomena. Identification of the microscopic order parameter and
mechanism that drives the HO transition continues to be a central
question in strongly correlated f -electron systems1.

There are several unique features that seem to be clues for
understanding the HO in URu2Si2. In the paramagnetic state above
THO, themagnetic susceptibility exhibits the Ising-like anisotropy2,4.
In theHO state belowTHO, an electronic excitation gap is formed on
a large portion of the Fermi surface5,6 (FS) and most of the carriers
disappear7,8. Closely related to this, the gap formation also occurs in
the magnetic excitation spectra at commensurate and incommen-
surate wave numbers,QC = (0 0 1) andQIC = (0.6 0 0), respectively,
as revealed by the neutron inelastic scattering9–11. The HO ground
state changes to the large-moment antiferromagnetic (AFM) state
with the ordering vector QC on applying hydrostatic pressure12,13,
but the FS has a striking similarity between these different
phases14,15, implying that the HO is nearly degenerate with the AFM
order. The magnetic torque measurements reveal the nematicity,
which breaks the in-plane rotational (tetragonal) symmetry in the

1Department of Physics, Kyoto University, Kyoto 606-8502, Japan, 2CCSE, Japan Atomic Energy Agency, 5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8587,
Japan, 3Department of Applied Physics, University of Tokyo, Tokyo 113-8656, Japan, 4Asia Pacific Center for Theoretical Physics, POSTECH, Pohang
790-784, Korea. *e-mail: hiroaki@scphys.kyoto-u.ac.jp.

HO16. The challenge for the theory has been to identify the order
parameter that explains all of the above key features.

The theories that have been proposed to describe the HO state
can be divided into two prevailing approaches; one is based on
the localized 5f -electron model17–23 and the other the itinerant
one24–29. Recent angle-resolved photoemission spectroscopy results
clearly demonstrate that all 5f electrons are itinerant30 and the
crystalline electric field, which is a signature of the localized
nature, has never been observed. Moreover, the nuclear magnetic
resonance measurements31 show a formation of the coherent
heavy-electron state well above THO. Therefore, it is natural to
discuss the electronic structure on the basis of the itinerant picture.
However, reliable calculation of the physical quantities by taking
into account the complicated band structure is a difficult task.
For this purpose, we use a state-of-the-art ab initio downfolding
(Supplementary Section SI) and dissect the electronic structure
obtained from the density-functional theory (DFT) calculations.
The obtained tight-binding Hamiltonian is constructed from 56
orbitals of U 5f , U 6d , Ru 4d and Si 3p. Introducing the
on-site Coulomb interactions between 5f electrons, we obtain
a realistic itinerant model, that is, a 56-band Anderson-lattice
model including the spin–orbit interaction. On the basis of this
realistic model Hamiltonian, magnetic and multipole correlations
are analysed by the random-phase approximation (RPA) and
beyond. To account for the mass renormalization effect in the
Fermi-liquid theory, the energy and temperature scale is reduced by
a factor of 10 throughout this study2,14,15, whichmakes comparisons
to the experiments straightforward.

Figure 1 shows the paramagnetic FS and the band structure near
the Fermi level, respectively. The energy bands crossing the Fermi
level have mainly the total angular momentum j = 5/2 multiplet
of U 5f . Each jz component of j = 5/2 multiplet is coloured by
weight. It turns out that each separated FS is mainly composed of a
rather specific jz component without large mixing, except for the
outer FS around the Z point (Fig. 1). Such a jz component map
is quite useful in that we are able to capture valuable information
such as which parts of the FS play an essential role for the HO
formation. Indeed, the disentanglement of FS orbital characters
has also been an important theoretical advance to understand the
electronic properties in iron-pnictide superconductors32.

First we discuss the RPA analysis of rank-1 (dipole) correlation,
which is the conventional static magnetic correlation. The regime
with jz = ±5/2, shown in red, in the outer FS around the Z point
is well nested with the outer FS around the � point by the vector
QC, as indicated by the arrow in Fig. 1 (ref. 33). This nesting
gives rise to a sharp peak of the correlation parallel to the c axis
(dipole Jz) at Z (0 0 1) shown in Fig. 2a. Another salient feature
is the hump structure at around (0.6 0 0) and the equivalent

NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics 1
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Model Hamiltonian in URu2Si2 

H=H0+H’	

Band structure	


H is 56 band 
Anderson lattice 
model including spin-
orbit coupling.	


H’ is the on-site 
Coulomb repulsions in 
the LS basis.	
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FIG. S1. Band structure along high symmetry line. Red line is the result of ab initio calculation by WIEN2k.

Blue dashed line is the Wannier fit. The dispersion below ∼ 2eV is traced completely.

(U,U ′, JH , J ′) are introduced in a conventional form in the LS basis.

H ′ =
U

2

∑

i!

∑

σ

f †
i!σf

†
i!σ̄fi!σ̄fi!σ (S2a)

+
U ′

2

∑
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∑

σσ′

f †
i!σf

†
imσ′fimσ′fi!σ (S2b)

+
J

2

∑
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∑
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f †
i!σf

†
imσ′fi!σ′fimσ (S2c)

+
J ′

2

∑

i!"=m

∑

σ

f †
i!σf

†
i!σ̄fimσ̄fimσ, (S2d)

where σ = ± and σ̄ = −σ.

II. GROUP-THEORETICAL ARGUMENT

We here define one-particle operators for multipole moments from the Group-theoretical ar-

gument. Since the DOS near the Fermi level is dominated by the j = 5/2 multiplet, we neglect

the higher-level j = 7/2 multiplet, and consider only the j = 5/2 subspace. In the six states,

4

We unveil the missing link beyond 
simple consideration of band structure 
in URu2Si2, based on RPA analysis  
in the itinerant picture and beyond. 



The Key Ingredients 

entangled spin and f-orbital degrees of freedom 

S=1/2  and L=3    J=L+S	

J=7/2	


J=5/2	


f1 in Ce	
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Near the Fermi level is dominated by this 
J=5/2 components 



J-Resolved Fermi surface and Nesting 

hole sheet	


electron sheet	


Nesting of jz=±5/2 
orbitals 

Z (1 0 0) and (0 0 1) : equivalent points in 
 the body-centered tetragonal structures.	
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Possible order parameters 

H0 =
∑

kσ

εkc
†
kσckσ

+
∑

kσ

Eff
†
kσfkσ

+
∑

kσ

(

Vkf
†
kσckσ + h.c.

)

H ′ = U
∑

i

nf
i↑n

f
i↓

Q̂ = f †
i"Q"mfim

1

m=5/2,3/2,1/2,-1/2,-3/2,-5/2 
Multipole degrees of freedom  

 6x6=36 components 

Jx           --- dipole (rank 1) 
JxJy       --- quadrupole (rank 2) 
JxJyJz   --- octupole (rank 3) 

Group theory   36=1+3+5+7+9+11  (rank 0 – 5) 



Multipolar correlations 
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Γ Z X Γ Z

non-diag
Jz
Jy
Jx

Rank 1	


-2

 0

 2

 4

 6

Γ Z X Γ Z

non-diag
O20
O22
Oxy
Oyz
Ozx

Rank 2	


-2

 0

 2

 4

 6

Γ Z X Γ Z

non-diag
Txyz
Tza
Tya

Txa
Tzb
Tyb
Txb

Rank 3	


-2

 0

 2

 4

 6

Γ Z X Γ Z

non-diag
H0

Hza

H4
H2

Hxa
Hya

Hxb
Hyb

Hzb

Rank 4	


-2

 0

 2

 4

 6

 8

Γ Z X Γ Z

non-diag
D4
D2
Dza1
Dya1
Dxa1

Dza2
Dya2
Dxa2
Dzb
Dyb
Dxb

Rank 5	


• Peak–hump structure at QC and QIC 

• Some peaks except for Rank 1 correspond to candidates for 
the HO parameter 



Staggered electron-hole pairing mediated by 
the RPA multipole fluctuations  
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Staggered electron-hole pairing mediated by 
the RPA multipole fluctuations 
   E- and A2- states are nearly degenerate.  

rank-5 E- dipole A2- 

∼1/(1-χ)	


Beyond RPA 



11

The hidden order parameter is the rank-5 E-, 
which is compatible with the nematicity.	


Phase Diagrams 



What is Rank-5 E- ? 

for positive integer, p. Applying the Wigner-Eckart theorem, we can obtain the matrix elements of

J (k)
q as

〈

jjz|J (k)
q |jj′z

〉

=
〈

j||J (k)||j
〉

〈

jjz|jj′zkq
〉

√
2j + 1

. (S6)

Here,
〈

j||J (k)||j
〉

is the reduced matrix element, and
〈

jjz|jj′zkq
〉

is the Clebsch-Gordan coeffi-

cients, which can be easily evaluated in terms of Mathematica. Thus we can obtain numerically

all representation matrices in Table S1. For example, matrix elements of higher-rank multipoles,

Hxb, D4, and Dx(y) = (Dx(y)a1 +Dx(y)a2 +Dx(y)b)/
√
3, are explicitly given by

Hxb = i



























0.09 −0.47 0.00

−0.09 −0.15 0.00

0.15 0.00 0.47

0.47 0.00 0.15

0.00 −0.15 −0.09

0.00 −0.47 0.09



























, (S7)

D4 = i



























−0.50

0.00 0.50

0.00 0.00

0.00 0.00

0.50 0.00

−0.50



























, (S8)

Dx =



























0.02 0.11 0.65

0.02 −0.08 −0.08

−0.08 0.11 0.11

0.11 0.11 −0.08

−0.18 −0.08 0.02

0.65 0.11 0.02



























, (S9)
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Dy = i



























−0.02 0.11 −0.65

0.02 0.08 −0.08

−0.08 −0.11 0.11

−0.11 0.11 0.08

0.18 −0.08 −0.02

0.65 −0.11 0.02



























, (S10)

where those norms are normalized by Eq.(S21).

III. RPA ANDMAGNETIC CORRELATIONS

A. Formalism

First, we calculate one-particle Green functions in the LS basis,

G!m(k, iωn) = −
〈〈

fk!f
†
km

〉〉

(S11a)

= −
∫ β

0

dτeiωnτ
〈

Tτ [fk!(τ)f
†
km(0)]

〉

(S11b)

where # and m denote both f -orbital and spin quantum number. The non-interacting static full

susceptibility is given by

χ0
!m,!′m′(q) = −T

∑

k,n

G!!′(k, iωn)Gm′m(k + q, iωn), (S12)

which is written in the 142 × 142 matrix form, χ̂0(q), with the {#m} row and the {#′m′} column.

In this case, the RPA susceptibility is given by

χ̂RPA(q) = χ̂0(q) + χ̂0(q)Γ̂0χ̂RPA(q) (S13a)

=
[

1− χ̂0(q)Γ̂0
]−1

χ̂0(q), (S13b)

8

Jz =



























5
2

3
2

1
2

−1
2

−3
2

−5
2



























. (S20)

In actual calculations, since we have already obtained the RPA susceptibility in the LS bases, we

need to transfer these J-base representation matrices into the LS-basis ones,
∑

jj′ c!jJjj′c∗mj′ by

the unitary matrix c!j .

B. Magnetic correlations

We carry out the RPA analysis for several parameters in 32× 32× 8 k-meshes. For simplicity,

we show in the present study only some results for U = U ′ = 2.1 and J = J ′ = 0. The obtained

characteristic features are barely changed for J = J ′ > 0. Mainly, the RPA treatment remarkably

enhances the magnetic character in the non-interacting system. Figure S2 is the magnetic correla-

tions along the symmetry line. In Fig.S2A, we can see a remarkable magnetic anisotropy, namely,

the Lz correlation
〈〈

Lz , Lz

〉〉

larger than the Lx(y) correlation
〈〈

Lx(y), Lx(y)

〉〉

. The Lz correlation

indicates a peak structure at Z (1 0 0) point and a hump structure at (0.6 0 0), while the Lx(y)

correlation is featureless. In these correlations, the correlation between orbital moments (red line)

are much larger than spin-spin correlations (green line). The correlations between spin and or-

bital moments (blue line) are negative, and compensate the large orbital-orbital correlations. This

means that the large orbital moment is compensated by the anti-parallel spin moment. Generally,

this is the case in the Uranium compounds, since the electron occupation of f orbitals is less than

half. In Fig.S2B, we compare the total magnetic correlations with the gJ correlations confined

in the j = 5/2 subspace. As expected from the fact that the DOS near EF is dominated by the

j = 5/2 components, the total magnetic correlations can be overall explained by the j = 5/2

correlations. Thus we expect that we can neglect the effect of the j = 7/2 subspace also in the

higher-rank multipoles.

Figure S3 depicts temperature dependence of the uniform magnetic correlations within the

RPA. The Jz correlation parallel to the c axis is larger than the in-plane Jx(y) correlation. Both

11

Dx  σx 
Dy  σy 
 Jz  σz 

Crucially impotant is the nesting of ±5/2 
components ! 
Consider ±5/2 as pseudospins (↑,↓)	




Flip Transition 
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the in-plane  [001] Neel ordering 
in the pseudospin space	
HO  AFM :	




Concluding Remarks 
•  Near-degenerate THO and TN ? 

  Yes! 
•  Ising anisotropy ? 

  Yes! 
•  Inelastic magnetic excitations at Q0=(1 0 0) and 

Q1=(1.4 0 0) ? 
  Yes! 

•  No evidence of drastic change in the Fermi 
surface ?  
  Yes! 

•  No evidence of low-rank multipole order ? 
  Yes!  Rank 5  

•  Nematic behavior in in-plane magnetic 
susceptibility? 
  Yes!  E- 
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of magnetic impurities to a superconducting host'
or because the magnetism is intrinsic to the loca-
lized 4f electrons of a rare-earth constituent,
such as Er, in a superconducting compound. '
There is also much interest in materials in which
either superconductivity or magnetism interferes
with a third kind of collective phenomenon, i.e.,
the Kondo or intermediate-valence phenomenon,
which occurs in metals containing rare earths
with less localized 4f electrons, such as Ce. It
results from an "instability of the 4f shell" (name-
ly, of the 4f magnetic moment and sometimes
also of the 4f occupation number) and is charac-
terized by distinct low-temperature anomalies in
the magnetic and electronic transport properties.
%hile Ce impurities can strongly influence the
intrinsic properties of a superconducting host, '
in certain Ce compounds, e.g. , CeAl„a Kondo-
type phenomenon seems to coexist with long-
range antiferromagnetism. '
In this Letter, we report low-temperature ob-

servations of the resistivity, specific heat, low-
field ac susceptibility, and dc magnetization of
CeCu, Si, and LaCu, Si,. Whereas LaCu, Si, shows
rather normal metallic behavior, we conclude
that in CeCu, Si„a compound with "unstable 4f
shell" behavior, the low-temperature anomalies
reported before by Franz et al. ' have their origin,
in our somewhat more carefully prepared sam-
ples, in a transition into a novel superconducting
state. We conclude that a large fraction (up to
30 vol %) of the bulk of our CeCu, Si, samples is

0
E

1.0—

Q
O
E

04 T(K)06
Ce Cu2Si 2

exhibiting the Meissner effect. A preliminary re-
port on some of our results has been given else-
where. '
The polycrystalline samples were prepared in

an induction furnance, while kept under an argon
pressure of 5 atm. %hile most results reported
here were obtained with unannealed samples, one
sample was reinvestigated after annealing in an
ultrahigh vacuum (900'C, 100 h). X-ray analysis
indicated that both compounds had the proper
structure (tetragonal, ThCr, Si,); microprobe
analysis, however, revealed the existence of a
small amount of precipitations (varying from
sample to sample between 1 and 4 vol %) of both
a Si-rich phase and a Cu-Si phase with a Cu con-
tent of 80—90 at. '/l~ Upon annealing, no significant
change either of the x-ray pattern or the micro-
probe result was detected.
The experimental results of the resistivity, ac

susceptibility, and specific heat for an unannealed
CeCu, Si, sample are presented in Figs. 1 and 2

1

0.1 0.5 T(K) 1
I I 1 I I I I

-1—
0
-2— T(X)

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.L 1.5
temperature (K j

FIG. 1. Resistivity (main part) and low-field ac sus-
ceptibility (inset) of CeCu2Si2 as function of temperature.
Arrows give transition temperatures T, ~ ~0.60 + 0.03
K and T, '~ =0.54+ 0.03 K. Transition widths are taken
between 10% and 90% points of the transition curves.

T(c)
C

0
0.3

LaCu2Si2
I

3

FIG. 2. Molar specific heat of CeCuqSi2 at B=0 as
function of temperature on logarithmic scale. Arrow
marks transition temperature T, ~'=0.51+0.04 K.
Transition width determined as in Fig. 1. Inset shows
in a C/T vs T plot the specific-heat jumps of two other
CeCu2Si2 samples.

1893

F. Steglich, PRL(1979) 
Y. Onuki, JPSJ(1984) 

Resistivity Specific heat Inverse susceptivility 

1 (J/mole.K) Weak magnetic 
anisotropy 
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proportional to the concentration of impurities. Our observa-

tions suggest therefore that these have a significant pair-

breaking effect.

The inset in Fig. 4 shows the result of a fit to !!!0
"ÃTn between Tc and 4.2 K. There are two important points

to note here. First, at a pressure slightly higher than the

maximum Tc , !(T) is linear in T up to about 25 K. Second,
the exponent appears surprisingly large (n!2.7) at a slightly
higher pressure corresponding to the maximum !0. This is
difficult to understand without taking into account the resis-

tivity due to impurity scattering. In sample S1, reported in

Ref. 26, the residual resistivity reaches "160 #$ cm at Pv ,

compared to a maximum of 35 #$ cm for the sample re-

ported here. !(T) then showed a falloff with temperature
very similar to that of a Kondo impurity system. In other

samples, this behavior is hidden by the usual positive tem-

perature dependence of the resistivity. Contrary to the usual

situation, where the lowest !0 possible is sought, this ex-
ample shows how samples whose residual resistivities are

large at ambient pressure can reveal interesting physics at

high pressure. Even if a negative temperature dependence is

not seen, the power-law fit to the resistivity is affected, de-

viating from the linear relationship predicted in Sec. IV and

leading to anomalous values of n. At lower pressure, the Ã

coefficient is an order of magnitude larger, so %for example&
almost linear resistivity is observed at a pressure correspond-

ing to Tc
max . Note that a quadratic temperature dependence of

! was recovered at the lowest temperatures when supercon-
ductivity was suppressed by a magnetic field greater than

Hc2.

The normal-state resistivity of heavy fermions can usually

be understood in terms of the Kondo lattice model.39 At high

temperature the f-electron moments are localized and disor-

dered, and the resistivity is large and dominated by the scat-

tering from spin disorder, with a characteristic #lnT slope.
As the temperature is reduced, Kondo singlets form below a

characteristic temperature TK , and coherence effects in the

periodic lattice cause the resistivity to drop below a maxi-

mum, at T1
max , which can be considered as proportional to

TK . For T$TK away from the critical point, Fermi-liquid-

like behavior is recovered, with !"AT2, where A'TK
#2 and

reflects the hugely enhanced effective mass caused by inter-

actions between the f electrons. In a real system where TK is

not too large, a second peak in the resistivity occurs at

T2
max%T1

max , due to the CEF effect40,41 %see inset of Fig. 5&.
The low-temperature behavior then reflects the characteris-

tics of the lowest CEF-split f level. When pressure is applied,

T2
max remains fairly constant, while TK rapidly increases,

seen via the rise in T1
max . When TK%(CEF ((CEF is the CEF

splitting between the ground and excited states& the full six-
fold degeneracy of the J!5/2 4 f 1 multiplet is recovered,
even at the lowest temperatures. As a result the resistivity

maxima at T1
max and T2

max merge into a single peak.10 Similar

behavior in the magnetic component of the resistivity is

found in all Ce compounds studied )such as CeCu5Au %Ref.
30&, CePd2Si2 %Ref. 29&, CePd2Ge2 %Ref. 42&*.
In Fig. 5 the A vs T1

max scaling is explored in both

CeCu2Si2 and CeCu2Ge2. The value of A was determined

from the slope of the normal-state resistivity versus T2, de-

spite the non-Fermi-liquid behavior shown in the inset of

Fig. 4. However, if one allows the exponent n to vary be-

tween 1 and 2, the resulting coefficient will not vary more

than a factor of 2, which is within the scatter of the data.

There are two regions where the predicted A'(T1
max)#2 re-

lationship is followed, separated by an abrupt drop in A of

over an order of magnitude. The collapse of A seems closely

connected with the enhancement of superconductivity, it is at

the start of this drop that Tc has a maximum, and the super-

conductivity has disappeared by the point where the A

'(T1
max)#2 scaling is recovered. The residual resistivity how-

ever, peaks at around the midpoint of the drop in A, and this

is the point where Pv is defined.

IV. THEORY OF T-LINEAR RESISTIVITY AND

ENHANCED SOMMERFELD COEFFICIENT

Various unconventional properties observed around P

"Pv have been explained, at least qualitatively, by a series

of theoretical investigations based on an extended Anderson

lattice model.21,22,43 However, the T-linear temperature de-

pendence of the resistivity observed in a narrow region

around P"Pv remains as yet unexplained. In Ref. 22, mi-

FIG. 5. Plotted against T1
max %defined in inset&, a measure of the

characteristic energy scale of the system, are %a& the bulk supercon-
ducting transition temperature, %b& the residual resistivity and esti-

mate +̃ of the Sommerfeld coefficient, and %c& the coefficient A of
the !"AT2 law of resistivity, including data from CeCu2Ge2. Note

the straight lines where the expected A'(T1
max)#2 scaling is fol-

lowed. The maximum of Tc coincides with the start of the region

where the scaling relation is broken, while the maximum in residual

resistivity is situated in the middle of the collapse in A. Pressure

increases towards the right-hand side of the scale %high T1
max).

HOLMES, JACCARD, AND MIYAKE PHYSICAL REVIEW B 69, 024508 %2004&

024508-6

4 J. Phys. Soc. Jpn. Full Paper Author Name

Fig. 6. (Color online) Pressure dependence of NQR frequency νQ

in CeCu2Si2. The experimental data is compared with νQ cal-
culated from the pressure dependence of lattice parameters. The
calculations for LaCu2Si2 and CeCu2Si2 correspond to the cases
of localized and itinerant 4f electrons, respectively.

gasket. Thus we believe that the jump of the unit cell
volume arises from the change of the pressure distribu-
tion due to the abrupt deformation of the gasket, as men-
tioned above. Unfortunately, the small jump of the unit
cell volume and the measuring pressure occurs around
10 GPa in the more detailed measurement (open circle)
on CeCu2Si2. It is noted that the previous data in ref.10

roughly follows our data.
The initial slopes in the pressure dependence of the

unit cell volume are different in two compounds, i.e.
d(V/V0)/dP ∼ 6.3 × 10 − 3 GPa − 1 in CeCu2Ge2 and
∼ 11.2×10 − 3 GPa − 1 in CeCu2Si2. In general, the valence
transition occurs with the volume contraction. The larger
compressibility in CeCu2Si2 may suggest that CeCu2Si2
at ambient pressure locates in the valence crossover
regime. CeCu2Ge2 shows the linear pressure dependence
up to 20 GPa, in contrast to the usual pressure depen-
dence with an upward curvature. This behavior may sug-
gest that the valence crossover gradually occurs in wide
pressure range above ∼ 10 GPa. Similar P -linear depen-
dence was observed in CeIn3

20 and CeRhIn5. The com-
pressibilities for the a- and c-axes are slightly anisotropic
in CeCu2Si2; 2.7 % for the a-axis and 2.3 % for the c-
axis at 8 GPa. On the other hand, the compressibili-
ties in CeCu2Ge2 are isotropic below ∼ 10 GPa. The
anisotropic compressibility may also be a sign of the va-
lence crossover.

4. NQR frequency

An NQR frequency νQ probes the electric-field gradi-
ent (EFG) due to the electron distribution surrounding
the Cu nucleus. In general, the volume compression leads
to the increase of EFG. In addition to this lattice contri-
bution of EFG, a local electronic charge distribution at
the Cu site leads to an electronic contribution of EFG.
From the pressure dependence of the lattice parameters
in CeCu2Si2, the EFG at Cu site are estimated with the

Fig. 7. Pressure dependence of ∆νQ subtracted the average pres-
sure dependence of calculated νQ from the measured νQ . The
significant anomaly exists above 4.0 GPa.

local density approximation (LDA) calculation. The νQ

is proportional to the second derivative Vzz of the elec-
trostatic potential at 63Cu sites along the c-axis since
the asymmetry parameter η = (Vxx − Vyy)/Vzz is zero,
which is deduced from the axial symmetry (Vxx = Vyy)
of the crystal structure. The calculations were done in
two cases of LaCu2Si2 and CeCu2Si2, corresponding to
the localized and itinerant cases for 4f electrons, respec-
tively. The structural parameter of the Si site is used as
z = 0.3819 determined at 0.6 GPa and 12 K. This value
is close to the reported results of z = 0.3794 at ambient
pressure and 10 K.21 The 63Cu-NQR frequency is ob-
tained as hνQ = eQVzz/2, where the nuclear quadrupole
moment 63Q was presented in ref..22 The pressure depen-
dences of νQ calculated for LaCu2Si2 and CeCu2Si2 are
shown in Fig. 6. The upper curves is νQ(LaCu2Si2) while
the lower curve is νQ(CeCu2Si2). Both curves are close
to the linear pressure dependence with similar slope;
dνQ/dP ∼ 0.103 MHz/GPa for LaCu2Si2 and ∼ 0.089
MHz/GPa for CeCu2Si2. Further application of pres-
sure shows the downward curvature (not shown). These
pressure dependences of νQ indicate the lattice con-
tribution due to the application of pressure while the
difference between νQ(LaCu2Si2) and νQ(CeCu2Si2) re-
flects the electronic contribution of EFG. In the point
charge model, the EFG always increase due to the va-
lence transition from Ce3 + to Ce4 + . However, in the va-
lence crossover of Ce compounds, the increase/decrease
of the EFG depends on the site and the compound since
the variation of the core polarization is dominant for
the EFG. In the case of CeCu2Si2, the EFG decreases
due to the localized-itinerant crossover of f-electrons,
νQ(LaCu2Si2) > νQ(CeCu2Si2). In the case of 115In-NQR
in CeIn3 , the EFG increases due to the localized-itinerant
crossover, νQ(LaIn3) < νQ(CeIn3).20

The 63Cu-NQR measurements in CeCu2Si2 are car-
ried out up to 5.4 GPa, as shown in Fig. 6. The measur-
ing temperature is 3.1 K. The experimental data exists
between νQ(LaCu2Si2) and νQ(CeCu2Si2). The experi-

H.Q.Yuan, Science(2003) 

A.T.Holmes, PRB(2004) 

K.Fujiwara, JPSJ(2003) 
T.C.Kobayashi, (2013) 
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H is 36 band Anderson 
lattice model including 
spin-orbit coupling. 
(Ce 4f, Ce 5d, Si 3p)	
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FIG. S1. Band structure along high symmetry line. Red line is the result of ab initio calculation by WIEN2k.

Blue dashed line is the Wannier fit. The dispersion below ∼ 2eV is traced completely.

(U,U ′, JH , J ′) are introduced in a conventional form in the LS basis.

H ′ =
U

2

∑

i!

∑

σ

f †
i!σf

†
i!σ̄fi!σ̄fi!σ (S2a)

+
U ′

2

∑

i!"=m

∑

σσ′

f †
i!σf

†
imσ′fimσ′fi!σ (S2b)

+
J

2

∑

i!"=m

∑

σσ′

f †
i!σf

†
imσ′fi!σ′fimσ (S2c)

+
J ′

2

∑

i!"=m

∑

σ

f †
i!σf

†
i!σ̄fimσ̄fimσ, (S2d)

where σ = ± and σ̄ = −σ.

II. GROUP-THEORETICAL ARGUMENT

We here define one-particle operators for multipole moments from the Group-theoretical ar-

gument. Since the DOS near the Fermi level is dominated by the j = 5/2 multiplet, we neglect

the higher-level j = 7/2 multiplet, and consider only the j = 5/2 subspace. In the six states,

4

Lack of  
     the observed QAF	
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λ=0.787	
 λ=0.949	

2nd order for U=U’=1.0, J=J’=0	


λ=1.197	
 λ=1.012	




Conclusions 

•  The Fermi surface in A-type materials is consistent 
with that in LDA+U or the renormalized band by 
Zwicknagl 

•  Incommensurate spin fluctuations can be explained by 
the nesting between the heavy-electron sheets 

•  The dominant octupole fluctuations can drive dx2-y2-
wave or loop-nodal s-wave superconductivity 

29	




Multipoles in J=5/2 space 

rank O D4 basis(O)
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Table 1: Compatibility relations of multipole moment for each rank to irreducible representa-
tions of O and D4, and bases belonging to each irreducible representation. The superscript ±
of irreducible representation expresses the parity under time reversal.
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Table 1: Compatibility relations of multipole moment for each rank to irreducible representa-
tions of O and D4, and bases belonging to each irreducible representation. The superscript ±
of irreducible representation expresses the parity under time reversal.
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H0 =
∑

kσ

εkc
†
kσckσ

+
∑

kσ

Eff
†
kσfkσ

+
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kσ

(

Vkf
†
kσckσ + h.c.

)

H ′ = U
∑

i

nf
i↑n

f
i↓

Q̂ = f †
i"Q"mfim

1

36 multipoles up to rank 5. 


