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Odd-parity electronic multipolar ordering in URu2Si2:
Conclusions from Si and Ru NMR measurements
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We report 29Si and 101Ru NMR measurements on high-quality, single-crystal URu2Si2 samples with a residual
resistivity ratio RRR ∼ 70. Our results show that the Si and Ru sites exhibit fourfold electronic symmetry around
the c axis in the hidden-order state. A previously observed twofold contribution of Si NMR linewidth is concluded
to be due to extrinsic magnetic centers. Since the U and Si sites are aligned along the c axis, we conclude further
that the electronic state shows fourfold symmetry around the U site below the hidden-order transition. From this
observed local symmetry, possible space groups for the hidden-order state are P 4/nnc or I4/m, based on group
theoretical considerations. Since the order vector is considered to be Q = (001), the hidden-order state is then
found to be P 4/nnc with rank 5 odd parity, i.e., electric dotriacontapolar order.

DOI: 10.1103/PhysRevB.97.235142

I. INTRODUCTION

The heavy fermion superconductor URu2Si2 undergoes a
second order phase transition [1–3] at T0 ∼ 17.5 K. Since the
order parameter of the transition has not ever been clearly
identified, such order has been termed “hidden order” (HO)
[4]. Identification of the hidden-order parameter is currently
one of the challenging topics in condensed matter physics [5].

In order to specify the order parameter, it is critical to
determine the crystalline and electronic space group of the
HO state, which have not yet been specified. The space group
of the disordered (paramagnetic) state of URu2Si2 is No.
139 (I4/mmm). Based on Landau’s theory of second order
phase transitions [6], possible electronic space groups may be
selected for the HO state [7]. The electronic space group for
the HO state can be different from the crystalline space group.

In order to specify the electronic space group, it would be
quite effective to determine the electronic (point) symmetry at
local (U, Ru, and Si) sites. However, the local symmetry at the
Ru and Si sites in the HO state is highly controversial. Magnetic
torque, cyclotron resonance, elastoresistance, and XRD mea-
surements all indicated twofold symmetry [8–11]. In contrast,
the elastic constant, recent XRD, and thermal expansion
measurements indicate fourfold symmetry [12–14]. Ru nuclear
quadrupole resonance (NQR) reveals directly the local elec-
tronic symmetry, indicating fourfold symmetry at the Ru site in
the HO state [15–17]. Previous Si nuclear magnetic resonance
(NMR) data indicated a distributed twofold linewidth in the HO
state. However, the intrinsic nature of this result could not be
confirmed [18,19], and was, in fact, called into question [20].

In order to determine the intrinsic rotational symmetry,
Si NMR spin-echo decay has been measured on a high-

*Present address: Division of Physics, Tokyo Metropolitan Univer-
sity, Hachioji-shi, Tokyo 192-0397, Japan.

purity, single crystal URu2Si2 sample in the present study.
The intrinsic electronic fourfold symmetry at the Si site is
confirmed by these new measurements. This leads, in turn,
to a conclusion of electronic fourfold symmetry at the U site
in the HO state. The previously reported, distributed twofold
Si NMR linewidth is considered to be caused by extrinsic
magnetic broadening centers (MBCs) [20]. As a consequence,
the two-domain explanation for the twofold linewidth [18,19]
seems to be unlikely. In addition, the fourfold symmetry at
the Ru site has been reconfirmed by 101Ru NQR study on the
same single-crystal sample. Based on these results, possible
space groups and order parameters of URu2Si2 in the HO state
are discussed in Sec. VI below.

II. EXPERIMENT

Single crystals were grown using the Czochralski method
in a tetra-arc furnace under argon gas [21]. For NMR, we
employed a single crystal sample having a nearly perfect
cylindrical shape (1 mm φ ⊥ [001] × 3 mm ‖ [001]), with
narrow facets on the (110) planes. This sample has been used in
previous studies [18–20]. Since the cross section of the sample
through the (001) (i.e., basal) plane is nearly a perfect circle,
demagnetization effects are very nearly independent of field
direction in the basal plane. Any variation of demagnetization
fields should be much less than ∼1 Oe (i.e., ∼0.85 kHz for 29Si
NMR), since an estimated demagnetization field is ∼1 Oe for
a 1 T applied field. In addition, the effective sample volume is
small, since the skin depth of rf fields is ∼40 μm in the present
measurements. Therefore, no distribution of demagnetization
distortion of the line shape needs to be considered in the
present case.

For the experimental crystal high sample purity was con-
firmed by a residual resistivity of ∼5 μ� cm (RRR ≡
ρ(300 K)/ρ(2 K) ∼ 70). Resistivity was measured on a piece
cut (2 × 0.5 × 0.5 mm3) from the same single crystal used
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for NMR measurements. No trace of ferromagnetic or anti-
ferromagnetic long-range order was detected down to 2 K. It
should be noted that URu2Si2 single crystals with RRR > 50
are already high quality single crystals in the usual sense [21].

The natural abundance of the NMR isotope 29Si (I = 1/2,
gyromagnetic ratio γ /2π = 0.84577 kHz/Oe) is only 4.7%.
In order to obtain highly accurate spin-echo decay results in the
present study, a single crystal sample with a concentration c =
53% enriched 29Si isotope has been prepared, improving the
NMR sensitivity by a factor ∼11. As there are no quadrupolar
interactions for I = 1/2 nuclei, 29Si NMR spectra reflect only
magnetic shift and broadening effects.

A standard pulsed NMR spectrometer was used, with mag-
netic field provided by a 12 T superconducting magnet in the
persistent mode. The applied magnetic field is precisely rotated
in the basal plane using a two-axis rotational stage for the
sample mount. NMR spectra were obtained using fast Fourier
transformation (FFT) of spin-echo signals at a fixed applied
magnetic field. Using a standard π/2-π pulse sequence, the
spin-echo amplitude m(2τ ) so generated was measured as a
function of the time τ between pulses to record the spin-echo
decay. Here a typical π/2 pulse width was 4–5 μs. Since the
resonance linewidth is rather narrow (e.g., ∼2 kHz at 2.6 T), all
nuclear spins in the spectrum were quite uniformly excited by
the rf pulses used. The pulse repetition time trep was adjusted
to be much longer than the previously determined spin-lattice
relaxation time T1 [22,23].

101Ru (I = 5/2) NQR under zero field was measured in the
same single-crystal sample using the same spectrometer. 101Ru
NQR spectra were obtained using FFT of the spin-echo signal
in order to determine the central NQR frequency.

III. SILICON NMR MEASUREMENTS

In this section we use the 29Si NMR spin-echo decay to ex-
amine the local symmetry of the Si site. A detailed description
of the spin-echo decay and nuclear spin-spin interactions was
published earlier [24,25]. We note that the situation for the 29Si
NMR spin-echo decay is very similar to that in YbRh2Si2, for
which a previous analysis was also published [24].

A. Spin-echo decay and homogeneous
and inhomogeneous broadenings

The 29Si homogeneous line broadening in URu2Si2 is some-
what complex, with local spin-spin interactions consisting of
Ruderman-Kittel (RK) indirect exchange [26] via conduction
electrons as well as Bloembergen-Rowland pseudodipolar
(PD) coupling [27] along with the classical dipolar coupling
that is always present. These three contributions make up the
intrinsic, microscopic broadening factors, which are expected
to reflect the local electronic symmetry of the Si site.

Accordingly, the 29Si nuclear spin Hamiltonian is given by

HNMR = 1

2

∑
i �=j

[Jij + Bij ] �Ii · �Ij − 3

2

∑
i �=j

Bij IziIzj , (1)

where Bij = 1
2 [bij + γ 2h̄/r3

ij ](3cos2�ij − 1). Here bij is a
coefficient representing the PD coupling term [27], γ 2h̄/r3

ij

is the classical dipole coupling term, Jij represents the RK
interaction [26], �ij represents the angle between the applied

field, and the radius vector �rij between 29Si sites “i” and
“j”. In general, Eq. (1) presents a highly complex set of
behaviors, with fluctuation terms and even the possibility of
exchange narrowing of the echo decay function. For URu2Si2

and YbRh2Si2 [24], however, there are special circumstances
that greatly simplify the behavior of the 29Si spin-echo decay.
In our crystals of these compounds the 29Si NMR lines are
found to have inhomogeneous broadening from local disorder
that is much greater than any spectral widths stemming from
HNMR. Furthermore, the resulting inhomogeneity is local in
character, so that the I+iI−j + I−iI+j terms are rendered inert
and thus nonsecular (see the Appendix). As a result, the
foregoing flip-flop terms in HNMR may be disregarded in the
following linewidth calculations (see also similar results for
YbRh2Si2 [24]).

Thus, keeping only the IziIzj terms, HNMR is then truncated
to give

HTr = 1

2

∑
i �=j

IziIzj [Jij − 2Bij ]. (2)

Note that this “homogeneous” broadening Hamiltonian is
entirely static in character in URu2Si2. As a result, when
the rephasing pulse angle is small, T2G becomes very long.
Thus, any genuinely dynamic nuclear spin fluctuations are
very weak. In such a case, the echo is relaxed entirely through
the reorientation of neighbor spins by the refocusing (second)
pulse [28]. This confirms that the echo oscillations are not
affected by other dynamical fluctuations, even T1, which is
much longer than the observed T2G. Spin-echo decay data
illustrating this point for the 29Si spins in the crystal used for
this investigation are shown and discussed in the Appendix.

As noted above, the 29Si NMR line is broadened by what
are evidently local static inhomogeneities caused by defects in
the crystal, in addition to the homogeneous broadening. This
type of broadening seems to be an almost inherent property of
high-quality crystals of both URu2Si2 and YbRh2Si2 [24]. the
resulting broadening effects have been studied in considerable
detail [20]. Thus, as illustrated in Fig. 1, the linewidth is
dominated by static inhomogeneous broadening, where the
smaller effective width due to the homogeneous terms in
Eq. (2) is represented by the dashed-line spectra (examples).
The dashed-line spectrum does not really reside at any par-
ticular point within the inhomogeneous envelope, because the
corresponding echo decay form that we model here could be
observed at any point within the broader curve.

The spin-echo formation process is illustrated in Fig. 2 with
a π/2-π excitation pulse sequence followed by the echo at
time 2τ . The inhomogeneous Lorentzian spectrum illustrated
in Fig. 1 is the FFT of echo profile in time. The echo width in
the case at hand is small compared with its decay time.

As shown in Fig. 3, indeed a typical homogeneous Gaussian
linewidth is much smaller than the inhomogeneous Lorentzian
linewidth in the HO state of URu2Si2. In Sec. V we discuss the
findings reported for the inhomogeneous broadening effect,
which are an important story by themselves.

Taking up the decay problem, we note that a complete
analysis of spin-echo decay resulting from the terms in Eq. (1)
was published many years ago by Alloul and Froidevaux [29].
We quote here the result from that paper which applies to the
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FIG. 1. Figure showing the overarching static broadening curve
(solid line), within which one may observe an echo decay curve
determined by homogeneous broadening represented by the broken
line. Such a decay curve could be traced out anywhere within the
broad profile. In practice we excite the entire static distribution of
29Si nuclear spins. The full widths at half maximum Wh and Wob are
defined as indicated.

static case of Eq. (2), namely [24],

m(2τ ) = m(0)〈�kcos(J̃0kτ )〉av, (3)

where J̃0k = J0k − [b0k + γ 2h̄/r3
0k](3cos2�0k − 1) in terms of

the parameters defined above. Here the indicated product is
over all occupied Si neighbor sites labeled by k to the reference
“0” site at the origin. The brackets indicate an ensemble average
over all configurations of 29Si neighbors at an occupation
probability of c. Within the assumption of complete local
detuning of neighboring 29Si nuclear spins so that I∓iI±j

operators are nonsecular, Eq. (3) is an exact result. What is
inexact is our knowledge of the J̃0k parameters.

B. Echo decay function and RK interaction for URu2Si2

As shown in Fig. 4, the Si sites are arranged in nearest-
neighbor (nn) pairs, which are only |�rnn| = 2.35 Å apart in
the crystal structure of URu2Si2. There are 12 more neighbor
sites at distances between ∼4 and 5 Å. Thus we expect the
dominant nn pairs to yield an oscillation in the echo decay,
while the more distant 29Si would combine to produce a
monotonic decay function. To the extent that more distant

FIG. 2. Schematic description of NMR spin-echo formation. A
π/2 pulse rotates the nuclear magnetic moment by 90◦, a π pulse
by 180◦. As 2τ increases, m(2τ ) decays owing to nuclear spin-spin
interactions.
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FIG. 3. Typical comparison between inhomogeneous Lorentzian
(filled circles) spectrum obtained from FFT of spin-echo profile and
homogeneous Gauss spectrum (dashed line) obtained from Fourier
transformation of nonoscillating part of spin-echo decay m(2τ )/m(0)
[i.e., the first term of Eq. (11), see below] in the HO state of URu2Si2.
Solid line is fitted curve using the Lorentzian function. Here F0

corresponds to the 29Si NMR resonance frequency at 2.6 T (i.e.,
∼22 MHz). FWHM of Lorentzian and Gaussian spectra corresponds
to Wob and Wh, respectively.

neighbors constitute randomly oriented and distributed sources
of local field, the central limit theorem suggests that they will
produce an essentially Gaussian decay profile. Such a picture
was found to be very nearly correct for the nearly identical case
of YbRh2Si2 [24]. The spin-echo decay profile given by Eq. (3)
in this approximation can be written with a single oscillation
term cos{G(θ )τ },

m(2τ )

m(0)
= exp

{
−2τ

T1
− 1

2

(
2τ

T2G

)2
}

× [(1 − fosc) + fosc cos{G(θ )τ }], (4)

where 1/T1 is the spin-lattice relaxation rate, 1/T2G is
the Gaussian spin-spin relaxation rate, and fosc is approxi-
mately the 29Si concentration c. If the second-nn terms were

[110]

[110]

[001]

H

Ru

Si

Urnn

FIG. 4. Left: Definition of the angle θ between applied magnetic
field H in the basal plane and the [110] direction. Right: Crystal
structure of URu2Si2. The nn Si sites along the [001] axis are
connected by a dashed arrow, which corresponds to �rnn (|�rnn| =
2.35 Å) perpendicular to the basal plane.
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FIG. 5. Schematic spin-echo decay curves [Eq. (11)] for c = 1/2.
Dotted line: Gaussian decay curve (i.e., G = 0) reflecting only T2G.
Solid line: The indirect interaction G causes an oscillating modulation
of the Gaussian decay envelope.

contributing to the oscillation, there would be multiple oscil-
lation terms [25]. G then becomes,

G ≡ ∣∣J − [
b + γ 2h̄/r3

nn

]
(3 cos2�01 − 1)

∣∣, (5)

where J0k and b0k are denoted J and b are for the nn site,
respectively. In Fig. 5 the oscillating line shows a schematic
decay function for c = 1/2 in Eq. (4), where the Gaussian
decay envelope is shown as a dotted line. We note that Wh, the
linewidth parameter corresponding to the Fourier transform of
the Gaussian decay envelope, may be written

Wh ≡ {ln(2)/π}1/2 1

T2G

= 0.470

T2G

, (6)

which is illustrated in Fig. 1.
Next, we discuss the nuclear spin-spin interactions G

[Eq. (5)] in URu2Si2. For field orientations in the basal plane,
we have �01 = 90◦ (see Fig. 4) so that Eq. (5) gives

G = ∣∣J + b + γ 2h̄/r3
nn

∣∣. (7)

Thus, G is independent of field angle θ in the basal plane in
the frame of original calculations [26,27], as expected for the
nn sites in URu2Si2.

However, White [30] has shown that J , and presumably b,
are related to wave-vector �q summation of the θ -dependent
static spin susceptibility χspin(�q,θ ) for direction of H defined
in Fig. 4, so that J and b could be θ dependent in the case of
anisotropic χspin(�q,θ ). Thus,

J (θ ),b(θ ) ∝ j 2

gNgeμ
2
B

∑
�q

χspin(�q,θ )exp[i �q · �rnn], (8)

where j is the hyperfine interaction between nuclei and
conduction electrons, and gN and ge are the nuclear and
electronic g factors, respectively. Thus, G would reflect the
fourfold symmetry of χspin(�q,θ ), as is realized in URu2Si2,
yielding,

G(θ ) = G1(T ) + G2(T )cos4θ, (9)

where G1(T ) and G2(T ) are T -dependent quantities. In ad-
dition, Wh would show fourfold symmetry, owing to fourfold

second moments having the same origin. Thus,

Wh(θ ) = Wh1(T ) + Wh2(T )cos4θ, (10)

where Wh1(T ) and Wh2(T ) are T -dependent quantities. Note
that the hyperfine coupling interaction appears to be almost
isotropic in the basal plane [18], though ge can show a slight
fourfold anisotropy [31] which cannot be separated from
fourfold anisotropy of χspin(�q,θ ) in the present study.

Finally, the spin-echo decay function in URu2Si2 is ex-
pressed in terms of Wh(θ ) and G(θ ) as

m(2τ )

m(0)
≈ exp

{
−1

2

(
2τWh(θ )

0.47

)2
}

×[(1 − fosc) + fosc cos{G(θ )τ }]. (11)

The exponential decay factor 1/T1 in Eq. (4) is essentially
negligible below 25 K in URu2Si2, because 1/T2G � 1/T1.
Below, we fit this decay profile form to experimental data on
29Si in URu2Si2.

C. Experimental results for T2G and G

Figure 6 shows spin-echo decay curves at 25 and 5 K for
H (θ = 0), i.e., H ‖ [110] in the single crystal sample with
RRR ∼ 70. The spin-echo decay curves are remarkably well
fitted using Eq. (11), indicating that the nn sites dominate the
oscillatory spin-echo decay and that the Gaussian approxima-
tion to the collective effect of more distant neighbors is very
good, indeed. The spin-echo decay is independent of applied
magnetic field up to 7 T, indicating that Wh is independent
of applied field in contrast with Wob, which increases with
increasing field [19]. In addition, Wh is almost the same for
samples with RRR > 40, indicating that Wh is insensitive to
the sample quality for high RRR samples, as well as the other
properties [21].

In the paramagnetic state we find fosc � c. In contrast,
fosc is slightly smaller than c in the HO state, and thus, the
oscillation is slightly less pronounced in the HO state. This
means that the effective number of 29Si is decreased, owing
perhaps to inhomogeneity in the HO state. Meanwhile, G

is slightly decreased in the HO state, while Wh is slightly
greater (see Figs. 6 and 7), suggesting that the phase and/or
wavelength of RK oscillations are modified by the ordering
process, perhaps due to modifications of Fermi surfaces.

Figures 7 and 8 show the θ dependence of G and Wh

(i.e., 0.47/T2G), respectively, at 25 and 5 K, showing a clear
fourfold dependence in the basal plane, which is well fitted
by Eqs. (9) and (10): G1(5 K) = 523 s−1, G2(5 K) = 33.9 s−1,
G1(25 K) = 593 s−1, G2(25 K) = 20.5 s−1, Wh1(5 K) =
349 s−1, Wh2(5 K) = 34.9 s−1, Wh1(25 K) = 312 s−1,
Wh2(25 K) = 41.2 s−1. Since G and Wh are determined by
the local electronic state at the Si sites, the observed fourfold
dependence indicates that the electronic local symmetry of
the Si site is fourfold rotational (C4) in both the paramagnetic
and HO states, in addition to the fourfold crystalline spatial
symmetry indicated in XRD measurements [12].

The origin of the fourfold variation of G may be related
with fourfold χspin(�q) as given by Eq. (8). Although a fourfold
total χ (0) has been reported [8], the spin contribution to that
is still unclear. In addition, the �q dependence of χspin(�q) is

235142-4



ODD-PARITY ELECTRONIC MULTIPOLAR ORDERING IN … PHYSICAL REVIEW B 97, 235142 (2018)

0.001
2

4

0.01
2

4

0.1
2

4

1

M
 ( 

2τ
 ) 

/ M
(0

)

5x10
-343210

2τ (sec )

 
 θ=0° [110]
 45° [100]
 90° [110]

 H=2.6T
 T= 5K

0.001
2

4

0.01
2

4

0.1
2

4

1

M
 ( 

2τ
 ) 

/ M
(0

)

5x10
-343210

2τ (sec )

 H=2.6T
 T= 25K

 θ=0° [110]
     30°
     45° [100]
     90° [110]

 

FIG. 6. Field angle dependence of spin-echo decay curves in the
paramagnetic (T = 25 K) and HO (T = 5 K) states. Results at θ = 0◦

and 90◦ coincide with one another, indicating that fourfold symmetry
is confirmed. Solid curves are least-squares fits using Eq. (11). The
dashed line shows the fitted Gaussian decay envelope for θ = 0◦ at
25 K.

unknown. Thus, a quantitative comparison between the present
results and χspin(�q) is not yet available. In URu2Si2, a large
anisotropy of χspin(0) between H ‖ and ⊥ [001] has been
pointed out [32,33]. In addition to that, the present results

FIG. 7. Angle θ dependence of G in the paramagnetic (25 K) and
HO (5 K) states. Solid curves are obtained by fittings using Eq. (9),
i.e., G(θ ) = 523 + 33.9cos4θ for 5 K; G(θ ) = 593 + 20.5cos4θ for
25 K.

FIG. 8. θ dependence of Wh = 0.47/T2G in the paramagnetic
(25 K) and HO (5 K) states. Solid curves are obtained by fits
using Eq. (10), i.e., Wh(θ ) = 349 + 34.9cos4θ for 5 K; Wh(θ ) =
312 + 41.2cos4θ for 25 K.

indicate that χspin(�q) has weak fourfold anisotropy in the
basal plane. To our knowledge, this is the first observation
of anisotropy for χspin(�q) via NMR spin-echo decay measure-
ments, a consequence of the very high sample quality.

It should be noted that the previously observed θ -
independent 29Si Knight shift determined at the peak position
of Lorentzian spectra [18] is consistent with the fourfold
symmetry of G, Wh, and χspin(�q,θ ).

Figure 9 shows the T dependence of Wh for H ‖ [110]
and [100]. There are maxima of Wh in the HO state for both
cases, indicating that the HO enhances Wh. However, the T

dependence obtained in the HO state is peculiar, indicating
that Wh does not simply reflect the T dependence of the order
parameter. This peculiar T dependence is similar to that of
Wob for the H ‖ [110], [100], and [001] directions reported
previously [19,34].

As previously reported, the observed total static 29Si-NMR
linewidth Wob shows a twofold character [18–20]. The total
linewidth Wob is much larger than Wh owing to inhomogeneity

FIG. 9. T dependence of Wh for H ‖ [110] (θ = 0◦) and H ‖
[100] (θ = 45◦). Peaks are shown at the HO transition T0 ∼ 17.5 K.
There is a similarity between theT dependence ofWh andWob [19,34].
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FIG. 10. 101Ru NQR spectra at 4.2 K under zero field. Two reso-
nance spectra: ν1Q (I = ±3/2 ↔ I = ±1/2) and ν2Q (I = ±5/2 ↔
I = ±3/2) have been observed. Solid lines are Lorentzian curves
fitted to obtain values for ν1Q and ν2Q.

of the crystal lattice, e.g., defects and impurities. The observed
fourfold Wh and twofold Wob mean that the Si site is locally
fourfold, but twofold character appears in the inhomogeneous
broadening. The present fourfold spin-echo results indicate
that the twofold character may be an extrinsic property. In
Sec. V we discuss this effect in more detail.

IV. RUTHENIUM NQR MEASUREMENTS

In this section we describe Ru NQR measurements at zero
field in the same single crystal sample to examine the electronic
local symmetry of the Ru site. For 101Ru (I = 5/2), two
NQR resonances ν1Q (I = ±3/2 ↔ I = ±1/2) and ν2Q (I =
±5/2 ↔ I = ±3/2) have been observed. The ν1Q frequency
is related to the ν2Q frequency in the case of an axial symmetry
parameter η � 1 by [35]

ν2Q

ν1Q

∼= 2

(
1 − 35

27
η2

)
. (12)

If the fourfold local symmetry at the Ru site is not broken
in the HO state, the axial parameter η should be zero.

Figure 10 shows 101Ru NQR spectra in the HO state
at 4.2 K. In the present measurements, ν2Q = 11.425 ±
0.002 and ν1Q = 5.712 ± 0.001. Thus, ν2Q/ν1Q = 2.0002 ±
0.0003 is obtained, yielding η = 0 within experimen-
tal error in the HO state as well as in the paramag-

netic state (ν2Q = 11.475 ± 0.002, ν1Q = 5.737 ± 0.001, and
ν2Q/ν1Q = 2.0002 ± 0.0003 at 23 K in the present sample).
This observation confirms previous results [15,16] for η at
the Ru site in the present high-purity sample. Since the NQR
frequencies reflect the electron distribution around the Ru
nuclei through the electric field gradient [35], this observation
confirms that the electronic local symmetry at the Ru site
remains rotationally fourfold (S4) in the HO state.

V. HOMOGENEOUS FOURFOLD AND INHOMOGENEOUS
TWOFOLD LINE BROADENING

A. Twofold inhomogeneous linewidth due to crystal
imperfections

Figure 11 shows the observed 29Si NMR linewidth Wob

previously presented [18–20], together with the estimated
homogeneous linewidth Wh = 0.47/T2G. Wob is considerably
larger than Wh owing to the contributions of impurities and
defects. Remarkably, the θ dependence of Wob is orthogonal
to that of Wh, indicating that the sources of θ dependence
in Wob and Wh are different from one another. As discussed
previously, the |cos2θ | dependence of Wob that occurs in
the HO state appears to reflect distributed twofold magnetic
broadening centers (MBC) [20], whereas Wob shows only
cos4θ dependence in the paramagnetic state.

The MBC model for twofold Lorentzian line broadening
is expounded in [20], using a conventional theory of dilute
RKKY broadening effects [36]. This model leads to an esti-
mate of ∼1% for the concentration of MBCs responsible for
the twofold linewidth in the crystal used for these studies.
Substantially higher MBC concentrations would very likely
lead to deviations from a Lorentzian line shape. The twofold

|cos2θ|

cos4θ
inhomogeneous

homogeneous

se
c-1

FIG. 11. Observed inhomogeneous Lorentzian Wob (squares) and
homogeneous Gaussian Wh (circles) linewidths in the paramagnetic
(25 K) and HO (5 K) states in the same sample with RRR ∼ 70.
The Wob are larger than the Wh as shown in Fig. 8. The peculiar
|cos2θ | dependence due to MBCs is only observed in Wob for the HO
state [18–20]. Green and pink regions correspond to homogeneous
and inhomogeneous contributions, respectively.
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Wob contribution due to the MBC is related with the static
inhomogeneous Lorentzian envelope (e.g., Fig. 1) and has
nothing to do with the homogeneous Gaussian echo decay
effect. Likewise, the fourfold Wh width is derived entirely from
the echo decay and has nothing at all to do with the static
inhomogeneous broadening envelope. Fourfold symmetry re-
mains in effect at 99% of U sites, consistent with the present
observations. It is essential here that the fourfold homogeneous
and twofold inhomogeneous broadenings have been separated
using the spin-echo decay measurements.

Wob increases in the HO state, whereas Wh is nearly the
same. It appears that the inhomogeneous broadening is related
to the HO [19]. Apart from the twofold contribution of the
MBC to Wob, there is a θ -independent contribution to Wob

that appears in the HO state as previously reported [24]. We
note that the intrinsic nature of this effect is still unconfirmed,
since it increases with decreasing sample quality. It should be
noted that the peculiar coexistence of homogeneous fourfold
and inhomogeneous twofold broadening is made observable by
superior sample quality. In many cases, the inhomogeneous is
much larger than the homogeneous broadening, owing to many
different factors that smear out its angular dependence. In-
deed, the θ -independent Wob was so large (∼6 times larger than
in the present case [37]) in average quality URu2Si2 samples
that the twofold effect is difficult to detect. In very pure single
crystals of URu2Si2, however, MBC along [110] and [11̄0] are
found to appear, whereupon their peculiar twofold broadening
effect can be resolved. Ideally, in a perfect crystal, the twofold
broadening would be expected to disappear, although no
example of such a case has been reported. The complex nature
of the twofold effect may explain the recent controversial
observations regarding two and fourfold symmetry described
in the Introduction. Recently, the nonlinear term of magnetic
susceptibility that may reflect the twofold susceptibility is
found to be sample-quality dependent [38].

Since the MBC effect is negligible in the paramagnetic
state, this behavior seems to appear at the onset of the HO
state. Perhaps the MBC effect is nearly degenerate with the
HO state locally. Previous μSR measurements have indicated
that a few percent of ordered magnetic centers appear in the HO
state [39]; this may be related to the MBC broadening effect
discussed above.

It is of interest to investigate the possibility of orthorhombic
domain structure in the homogeneous broadening. If the
twofold orthorhombic A and B domain states were to ap-
pear [8,18], the θ dependence of the spin-echo decay curves
would be expressible as a superposition of decay curves for the
two domains, which are rotated by 90◦ from each other in the
basal plane. Thus,

m(2τ )

m(0)
≈ 1

2
exp

{
−1

2

(
2τ

T2GA

)2
}

× [(1 − fosc) + fosc cos(GAτ )]

+ 1

2
exp

{
−1

2

(
2τ

T2GB

)2
}

× [(1 − fosc) + fosc cos(GBτ )], (13)

with

1

T2GA

= C1 + C2cos2θ,

1

T2GB

= C1 + C2cos(2θ + 180◦) = C1 − C2cos2θ,

GA = D1 + D2cos2θ,

GB = D1 + D2cos(2θ + 180◦) = D1 − D2cos2θ,

where C1,2 and D1,2 are constants at a fixed temperature.
If C2 ∼ C1 and/or D2 ∼ D1, curves of Eq. (13) would
show multioscillation behaviors, which could not be fitted
with unique T2G and G, i.e., Eq. (11), whereas the ob-
served curves can be well fitted with Eq. (11). If C1 � C2

and D1 � D2, Eq. (13) becomes effectively identical with
Eq. (11) for 1/T2G

∼= (1/T2GA
+ 1/T2GB

)/2 = C1 and G ∼=
(GA + GB)/2 = D1 due to a cancellation. Thus, there would
be no θ dependence of 1/T2G and G, whereas the fourfold
1/T2G = Wh/0.47 and G is observed.

In any case, the observed decay curves which are well fitted
by Eq. (11) with fourfold G and 1/T2G cannot be reproduced
with the twofold two-domain description, although the |cos2θ |
dependence of Wob can be explained by either the twofold
two-domain or the MBC descriptions [18–20].

B. Spatial range of the local fourfold electronic state

Based on the Van Vleck second moment theory [40],
the expected homogeneous linewidth Whnn due to the nn
interactions is

Whnn ∼ 9c

8

∣∣b + γ 2h̄/r3
nn

∣∣ = 88 s−1, (14)

where |b + γ 2h̄/r3
nn| = 148 s−1 is the previously obtained

value from measurements for H ‖ [001] and [110] [25]. In
the present case the observed Wh ∼ 350 s−1 is larger than the
calculated Whnn, indicating that there are substantial contribu-
tions from beyond the first nn sites to the fourfold Wh, i.e., the
Gaussian decay, whereas these contributions are not strong
enough or sufficiently unique to cause multiple oscillation
terms. In any case, the fourfold electronic state is concluded to
extend at least well beyond nn sites, which is also consistent
with the MBC description [20], while a precise estimation of
fourfold range is difficult at the present.

As well as the fourfold region, it is difficult to estimate the
twofold range surrounding an MBC quantitatively, however,
it seems that the twofold regime is well localized around the
MBC, which are ∼1% of U sites.

VI. POSSIBLE SPACE GROUPS BASED ON GROUP
THEORETICAL CONSIDERATIONS

In the present study, the fourfold rotational electronic
local symmetry is confirmed at the Si and Ru sites in the
HO state using a high quality single crystal sample. The
homogeneous broadening Hamiltonian at the Si site [Eq. (2)]
reflects the electronic state of the U site through RKKY [26]
and PD [27] indirect spin-spin coupling processes that scatter
heavy quasiparticles from filled to empty orbitals. Since nn U
and Si sites are aligned along the c axis (see Fig. 4), fourfold
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(C4) electronic local symmetry at the U site is confirmed by
fourfold broadening observations at the Si sites. Consequences
from these observations will be discussed based on Landau’s
group theoretical treatment below.

Following a second-order phase transition, the lower sym-
metry of the ordered state belongs to one of the subgroups of
the mother group (No. 139 I4/mmm) of the disordered (i.e.,
paramagnetic) state. Since breaking of time-reversal symmetry
and crystal superlattice have not been confirmed in the HO
state so far [5], there are 15 possible nonisomorphic (seven t

and eight k) subgroups for the HO state: No. 69, 71, 87, 97,
107, 119, 121, 123, 126, 128, 129, 131, 134, 136, and 137 [7].
Among them, fourfold local symmetry for the U, Ru, and Si
sites remains in No. 87: I4/m with local symmetry (U: 4/m,
Ru: 4̄.., and Si: 4..) and No. 126: P 4/nnc with local symmetry
(U: 422, Ru: 4̄.., and Si: 4..), which are two possible electronic
space groups for the HO state. It should be noted that no lattice
distortion is necessary to occur in the HO state for either case.
As indicated by recent XRD measurements [12], the crystalline
space group is considered to remain I4/mmm in the HO state.

For the 4mm local symmetry at the Si site in the param-
agnetic state, there should be mirror symmetry against (110)
and (100) planes. In contrast, this mirror symmetry is not
of necessity because of the 4.. local symmetry at the Si site
in possible I4/m and P 4/nnc cases for the HO state. It is
remarkable that this symmetry appears to be preserved in the
HO state within experimental error, considering the observed
mirror symmetry of G and Wh against the [110] and [100] axes
as shown in Figs. 7 and 8. This behavior of 1/T2G = Wh/0.47
and G can be understood as follows.

At the Si (0,0,z) and (1/2,1/2,z) sites (z = 0.3724 in
URu2Si2 [21]), the symmetry axis in the basal plane can be
assumed to deviate from the [110] axis (i.e., θ = 0◦) by angles
δ and −δ for the (0,0,z) and (1/2,1/2,z) sites, respectively, in
the P 4/nnc case, while by δ for both sites in the I4/m case. In
the P 4/nnc case, 1/T2G and G can be specified approximately
using a derivation similar to Eq. (13):

1

T2G

∼ C1 + 1

2
C2[cos{4(θ + δ)} + cos{4(θ − δ)}]

= C1 + C2cos4δcos4θ,

G ∼ D1 + 1

2
D2[cos{4(θ + δ)} + cos{4(θ − δ)}]

= D1 + D2cos4δcos4θ, (15)

where relations C1 � C2 and D1 � D2 are satisfied in the
present case. Thus, mirror symmetry appears to be preserved.
Because two fourfold-tetragonal-domains with angle δ and −δ

are formed in the I4/m case, Eq. (15) can be adopted. Thus,
mirror symmetry appears to be preserved again in the I4/m

case. Here δ seems to be small (i.e., cos4δ ∼ 1) since the
oscillation amplitude of 1/T2G and G show no drastic change
in the HO state (Figs. 7 and 8).

From the present study we cannot determine which elec-
tronic space group is relevant here. However, if the ordering
wave vector is antiferromagnetic Q = (001), as proposed
in several measurements [41–43], No. 126: P 4/nnc can be
selected, since doubling of the unit cell occurs for the No. 126

[001]

[100]

[010]

FIG. 12. Schematic electron distribution for A1u (D4) state. This
type of ordering corresponds to electric dotriacontapolar order in
the present case, which is a strong candidate for the HO state. The
direction of the [100] (i.e., [010]) axis is midway between up and
down lobes.

ordering case. On the other hand, No. 87: I4/m is relevant for
the ferromagnetic Q = (000) case.

In the P 4/nnc case, the point group at the U site is 422
(D4). An electronic state for the totally symmetric representa-
tion [44] of the 422 point group A1u: xyz(x2 − y2) (Fig. 12)
cannot be composed entirely of U 5f orbitals because it is a
rank 5 odd-parity multipole, i.e., electric dotriacontapole (see
Table III of Ref. [45]). Therefore, the HO electronic state for the
P 4/nnc case cannot be composed simply of U 5f states, but it
is necessary to consider a contribution of U 6d orbitals as well.
Much effort has been made to compose the relevant electronic
state for the hidden-order parameter based on U 5f states
alone. However, it is necessary to include the U 6d orbitals
here to compose the real hidden-order electronic state. These
somewhat unexpected aspects may be keys for identifying
the hidden-ordered state. In contrast, the rank 4 even-parity
multipole A2g: xy(x2 − y2) is expected for the I4/m case,
which can be composed of just U 5f orbitals [46,47].

An ordering of the A2g state with Q = (001) is pro-
posed based on A2g-type excitation observed in Raman spec-
troscopy [48,49], leading to the HO state No. 128: P 4/mnc.
However, this is unlikely since the fourfold symmetry at the Ru
site is not preserved for P 4/mnc. Compatibility between the
A1u ground state and the observed A2g-type excitation in this
itinerant electron system should also be carefully considered.

VII. CONCLUSION

The fourfold local electronic symmetry of the U, Ru, and Si
sites has been confirmed in the hidden-order state of URu2Si2

by means of NMR measurements on a high-purity, single-
crystal sample. At the Si site, the twofold line broadening is
considered to be an extrinsic property due to imperfections
in the crystal. Among possible subgroups of the mother
paramagnetic space group I4/mmm, I4/m and P 4/nnc are
possible space groups for the HO state, which must satisfy the
condition of U, Ru, and Si fourfold local electronic symmetries.
These orderings are peculiar since none are accompanied by
lattice distortion. Since P 4/nnc is the most likely candidate at
the present, direct experimental identification of the A1u rank
5 odd-parity multipole ordering (i.e., electric dotriacontapole)
would be an important goal for future work.
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APPENDIX

Figure 13 shows spin-echo decay results with different
refocusing-pulse angles for H = 2.52 T ‖ [001] axis at 25
K. The pulse amplitude is always large enough to uniformly
excite the entire NMR line. As the refocusing pulse width
decreases, the spin-echo decay weakens, indicating that the
decay process is dominated by pulse modulation of static IziIzj

couplings. The effect of the T1 process is negligibly small.
Thus, the echo is relaxed by the reorientation of neighbor
spins caused by the refocusing pulse [28]. These measurements
confirm that the echo decay is not affected by other dynamical
processes, and that spin-spin couplings of the form I±iI∓j

may be disregarded. In addition, if the spin-echo amplitude is

FIG. 13. Spin-echo decay curves for different refocusing (second)
pulse widths for H = 2.52 T ‖ [001] axis at 25 K. As the second
pulse angle decreases, the spin-echo decay time becomes substantially
longer, indicating that the spin-echo decay is driven exclusively
by the rephasing pulse. The effect of the T1 process is negligible.
For the π/2-π pulse sequence, the echo decay curve is independent
of the π/2 pulse width tw (4 � tw � 2 μs), under conditions where
all nuclei are uniformly excited.

optimized with a π/2-π sequence, the spin-echo decay curve
is independent of pulse intensity (Fig. 13).
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