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We report a microscopic investigation of multipolar order parameters in the ordered state of NpO,
conducted via 70O NMR on a single crystal. From the angular dependence of hyperfine fields at 7O
nuclei, we have obtained clear evidence for the appearance of field-induced antiferro-octupolar as well as
field-induced antiferro-dipolar moments below 7, = 26 K. We have also observed oscillatory spin-echo
decay, which is well understood in terms of small electric field gradients created by antiferro-quadrupolar
ordering. This reveals that the quadrupolar order parameter is directly observable by means of NMR. The
present NMR studies provide definitive support for a proposed longitudinal triple-g type octupolar-

quadrupolar ordering model for NpO,.
DOI: 10.1103/PhysRevLett.97.257601

Multipolar degrees of freedom characteristic of f elec-
trons bring rich and complex physics to rare-earth and
actinide compounds. A number of unusual properties of
f-electron systems have been discussed on the basis of
underlying electric quadrupolar ordering. Furthermore,
spontaneous ordering of magnetic octupolar moments has
been proposed recently as a ‘“hidden” order parameter in
compounds such as Ce;_,La,Bg [1-3], SmRu,P, [4],
URu,Si, [5], and NpO, [6]. The low-temperature phase
transitions in these compounds are suggested to break time
reversal invariance without long-range magnetic dipolar
order.

Compared with dipolar ordering, however, multipolar
order parameters are difficult to investigate by conven-
tional means. Although there are several indirect methods,
recent identification of multipole order parameters can be
credited mostly to resonant x-ray scattering (RXS) or
neutron scattering; the former method directly probes the
anisotropy of the f-electron shell and the latter probes
field-induced antiferro-dipolar (FI-AFM) moments arising
from multipoles. In the present work, however, we dem-
onstrate that microscopic investigation of multipole order
parameters is also possible by means of NMR through the
hyperfine (HF) interactions. Our NMR results clearly dem-
onstrate the occurrence of field-induced antiferro-
octupolar (FI-AFO) as well as FI-AFM moments in the
ordered state of NpO,. Furthermore, we report oscillatory
spin-echo decay behavior ascribed to a small electric field
gradient (EFG) created by the antiferro-quadrupolar (AFQ)
ordering. To our knowledge, this is the first example of
f-electron quadrupolar order detection through quadrupo-
lar interactions with ligand nuclei.

The phase transition in NpO, was originally discovered
with specific heat measurements more than half a century
ago [7], where the specific heat was found to exhibit a clear
A-type anomaly at T, = 26 K. However, neither long-
range magnetic dipole order [8,9] nor internal lattice dis-
tortions [10,11] have been observed in this system below
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Ty. Instead, RXS measurements have been reported which
suggest the occurrence of longitudinal, triple-q I's AFQ
structure in the ordered state [12]. Moreover, the AFQ
order has been proposed to be a secondary order parameter
in a transition driven by primary I's antiferro-octupolar
(AFO) order [6,12], since the AFQ order alone can not
successfully explain the breaking of time reversal symme-
try suggested by susceptibility [13] and wSR [14] mea-
surements. The longitudinal triple-q I's AFO ordered
ground state has also been corroborated by recent micro-
scopic calculations based on the j-j coupling scheme
[15,16]. Up to now, however, no direct evidence for a
triple-g AFO structure has been obtained.

In a previous Letter, we have reported the results of the
first 70O NMR measurements on this system using a pow-
der sample [17]. In the latter study, the observation of two
inequivalent oxygen sites has confirmed the symmetry
lowering associated with the longitudinal triple-q type
ordering for T < T,. We also noted the appearance of HF
interactions associated with field-induced multipole mo-
ments in the ordered state. At that time, however, we could
not resolve multiple HF components individually from the
rather broad powder NMR spectra. In this Letter, we report
a more detailed "0 NMR study performed on a single
crystal. The field-angle resolved NMR measurements pro-
vide definitive support for the proposed longitudinal
triple-g AFO-AFQ ordering model for NpO,.

A single crystal of 85 at.% 'O enriched NpO, was
grown by the chemical transport method. X-ray diffraction
patterns confirmed a single-phase, cubic fluorite NpO,
structure for the crystal. The 7O NMR measurements were
carried out using a superconducting magnet and a phase
coherent, pulsed spectrometer. The field-angle dependence
of the 70O spectra was measured by means of a two-axis
sample rotator installed in the experimental cryostat.

Figure 1 shows the temperature dependence of fast
Fourier-transform (FFT) spectra obtained with magnetic
field along the (a) (111) and (b) (100) axes of the crystal,
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FIG. 1. FFT 70 NMR spectra at a series of temperatures T
below 27 K, with the H = 10.17 T magnetic field applied along
the (a) (111) and (b) (100) directions of the crystal, respectively.

respectively. In the paramagnetic state above T, we have
obtained a narrow, nearly symmetric spectrum. There is no
quadrupole splitting, reflecting the cubic point symmetry at
the O sites. In the ordered state, on the other hand, the spec-
trum gradually splits into several peaks, e.g., two peaks
with H || {111) and three peaks with H || (100), revealing
the occurrence of inequivalent oxygen sites associated with
the lowering of site symmetry in the ordered state.

In the paramagnetic state, all the oxygen ions occupy
equivalent positions (the 8c position) in the fluorite struc-
ture with the cubic space group (SG) Fm3m. However, if
longitudinal triple-q order is realized, the symmetry is
lowered from Fm3m to Pn3m SG without any structural
distortion [11,12]. This Pn3m SG has two inequivalent O
sites (cubic: 2a and tetragonal: 6d) in a ratio of one to
three, in agreement with our previous findings [17]. We
denote the cubic site the OV site and the tetragonal sites
the O® sites, respectively. In a single crystal, the O sites
are divided further into three inequivalent sites in a mag-
netic field, since their local symmetry is axial. We label
them as 0553), O§,3), and 023), where their local symmetry
axes are along the cubic crystal axes x, y, and z,
respectively.

Figure 2 shows the angular dependence of the NMR line
splitting AH = (fes — fo)/7 in the ordered state, which
illustrates the angular variation of HF fields at '’O nuclei.
Here f.. is the center of gravity of one of the observed
NMR peaks, f, = yH and y = 5.7719 MHz/T for 0. 6
is the polar angle of H relative to [001]. H rotates
through the [111] to the [110] axis of the crystal. The
applied field is thus given by H = (H,,H,, H.) = % X
(sind, sind, +/2 cos@). In this rotation plane, the 05(3) and
O§3 ) sites are always equivalent. Therefore, the three curves
in Fig. 2 correspond to the O, 023) , and OQ sites, re-
spectively. The nearly flat curve for the O™ site corre-
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FIG. 2. The 6 dependence of the NMR line splitting. The solid
and dashed lines are model fits to the data (see text). These data
were taken at 7 =17 K and H = 10.17 T. The error bars
indicate the half-width of the NMR peaks.

sponds to the isotropic nature of its HF field. On the other

hand, other two curves for the O and OQ sites show a
strong 6 dependence due to the anisotropic nature of their
HF fields. Although only the data at H = 10.17 T are shown
in the figure, these NMR shifts are proportional to H.

The interpretation of the data in Fig. 2 is based on the
proposed longitudinal triple-q I's AFO primary and AFQ
secondary order parameters for NpO, [12,15,16]. The HF
fields at the 7O sites are derived from FI-AFM and FI-
AFO moments arising from the secondary AFQ order [18].
The invariant form of the HF field contributions from these
multipole moments, which are shown in Table I, has been
derived by Sakai et al. using the method of symmetrized
molecular orbital theory [19]. It is found that (1) the HF
fields from the AFO moments all vanish by symmetry (C;
terms in Table I), and (2) the FI-AFM and FI-AFO produce
isotropic 0y and anisotropic (OSS’;,Z) induced HF fields
(Cy1, Cy3, and Cy 4 terms).

The HF fields shown in Table I produce NMR shift fields
AH(#) proportional to their projection onto the applied
field, i.e., onto the unit vector ((sinf/~/2, sinf/~/2, cosf).
The expected shift behavior from the C; , term (FI-AFM)
is then written AH'" = 2C, ,H, AHY? = —2C, ,Hcos26,
and AH™ = —C,,Hsin26 for the 01, O, and OF)
sites, respectively. In the same manner, the shift behaviors
from the C, 3 and C, 4 terms (FI-AFO: T8 and T,,, terms)
are written AH(TIB) =0, AH(TB,f) = —2C,3Hsin’0, and
AH(T%”) = —C,3H(cos’0 + 1) for TP, and AH(TRZ =
CiaH, AHF? = —C\4H(1 — 2c0s?), and AH™ =
—C)4Hcos?0 for T,,.. As shown by solid lines in Fig. 2,
we have found that the experimental results are well re-
produced by taking AH(0) = AH; + AHps + AHp,
with CI,ZH = —147.3 Oe and C1,3H = C1’4H = 29.5 Oe
for all three lines at H = 10.17 T [20]. This excellent
agreement obtained with just three scaling parameters
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TABLE I.

The possible HF interactions at O nuclei in the longitudinal triple-q AFO-AFQ ordering state [19]. The definitions of

coupling constants (c.c.) are given in Ref. [19]. q, is the principal axis of the EFG tensor.

H=0 H=(H,H,H,)
Multipole AFO AFQ FI-AFM FI-AFQ FI-AFO (T#/T,,.)
c.c. Cii Gy 2Cy, Cos —2C,3/Ci4
oM 0 0 (H,, H,, H) 0 (0, 0, 0)/(H,, H,, H,)
oY 0 q, Il [001] 0,0, —H,) [0,.H, + O_.H,] (H, H,,0)/(~H, —H,, H,)
o’ 0 q, 11[010] (0. —H,. 0) [0, H, + Oy.H,] (H,, 0, H,)/(~H,, H,, ~H.)
o 0 q, Il [100] (— H,.0,0) [0..H, + Oy H.]| (0, H,, H.)/(H, —H,, —H.)

provides considerable support for the proposed longitudi-
nal triple-q AFO-AFQ model for NpO,. Note that, if the
FI-AFO contributions (AHzs + AHy_ ) are omitted in the

analysis, the resulting expressions fit the data very poorly,
as shown by the dotted lines in Fig. 2. The contributions
from the FI-AFO are therefore certainly required. To our
knowledge, the only other case for which FI-AFO HF
effects have been reported was for the AFQ ordered state
of CeBg [21,22].

The scaling parameters C,, are related to the FI-AFM
moment J,r and the coupling constant A, between 'O
nuclei and the FI-AFM moments, where 2C; ,H = AyJ 5p.
If we adopt |Ayl = |Ap| = 4.2 kOe/up estimated from
the dipole calculation for NpO, [17], we obtain Jap ~
0.07up/Np at H = 10 T. This value, however, should be
regarded as an upper limit, since, in general, an enhance-
ment of the HF coupling constant Ay > Ap, is expected due
to hybridization effects, etc. We can also expect that J g >
Jaro. since we also have Cy3=C;, = —1C,. Still,
NMR is sensitive enough to resolve the contributions aris-
ing from these minuscule multipole moments at the micro-
scopic level.

Next we discuss electric quadrupole effects. Table I
shows both zero-field and field-induced effects (C,, and
C, 5, respectively). The latter have not been observed up to
now. We have found that the EFG generated by the zero-
field term can be measured through the oscillatory spin-
echo decay effects which it produces. Figures 3(a) and 3(b)
show examples of such spin-echo oscillations and the
corresponding FFT spectrum, where M(7) is the integrated
spin-echo intensity recorded as a function of the time 7
between the excitation pulse and the refocusing pulse. The
FFT spectrum shows a distinct peak at an oscillation
frequency v,, = 5.2 kHz. There are also harmonic satellite
peaks around 2v,, and 3v,, positions. The oscillation be-
haviors are observed only at the O® sites, while M(7) at
the cubic O site showed only a simple Gaussian decay.

The spin-echo oscillations are well understood in terms
of an axially symmetric EFG at the O® sites. The first-
order quadrupole splitting a(6’) causes spin-echo oscilla-
tions with a frequency v,, = a/2. For I = 5/2 nuclei,
oscillations of echo amplitude M(7) (decay envelope sup-
pressed) are given by the equation [23],

M(7)=my+ mcos[a(0)t— 8]+ mycos[2a(6')T — 5,]
+ msycos[3a(0')T — 85]+ mycos[4a(0") T — 8,4],

where a(8)/2m = vy(3cos?6’ — 1)/2, v, is the electric
quadrupole frequency, and @' is the angle between H and
the principal axis of the EFG tensor. The coefficients m;
and §; are determined by excitation pulse conditions. The
equation shows echo oscillations at the primary frequency
v,, = a/2r, with higher harmonic terms as well.

In general, the EFG at a nuclear spin is composed of
lattice and electronic contributions. In the present case,
however, the EFG is dominated by the electronic contri-
butions, since the phase transition is not accompanied by
any structural distortions [10,11]. The principal axis of the
EFG can be determined from the angular dependence of
v,,, as shown in Fig. 3(c). By fitting the data to v,, =
vo(3cos?0’ — 1)/2, we identify the z axis as principal axis

for the 023) site, with the x or y axes for the 05(3 ; sites. These
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FIG. 3. Examples of (a) the spin-echo oscillations and (b) the
corresponding FFT spectrum. (c) The field-angle dependence of
v,,. The solid curves are calculated on the assumption that the
principal axes are along the z axis for the 023) site and along the x
or y axes for the 05(3,) sites, respectively. Note that H || [111]
makes the magic angle (6’ = 54.7°) with these cubic axes. All
data were taken at 7 = 17 K and H = 10.17 T.
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FIG. 4. The temperature dependence of v,, at the 023) site with
H || [001], plotted with the square root of the (001) and (003)
Bragg peaks intensities reported for RXS studies [11,24]. The
solid and broken lines are fits to power laws with critical
exponents 8 = 0.6 = 0.1.

findings are in good accord with the C,, terms for all four
sites.

In a magnetic field, we can also expect the occurrence of
FI-AFQ moments, as shown in Table I (C, s terms). The
confirmation of these FI-AFQ moments could be quite
important, since they are induced directly from the primary
AFO order. However, up to now we have not succeeded in
detecting such a field-dependent EFG contribution, sug-
gesting that more detailed NMR studies over a wide range
of fields will be required.

The temperature dependence of v,,, corresponding to
the temperature dependence of the AFQ order parameter
[19], is shown in Fig. 4. A nonzero v,, rises up below T
and reaches a value v,, ~ 5.7 kHz at low temperatures. In
the same figure, we also plot the square root of the (001)
and (003) Bragg-peak intensities reported from RXS mea-
surements [11,24]. These Bragg peaks were initially sug-
gested to be of magnetic origin. However, they are now
regarded as signaling the development of the AFQ order
parameter. As seen in the figure, v,, and the square root of
the Bragg intensities follow a single curve below T|,. This
confirms that both quantities reflect the same order pa-
rameter in NpO,. The lines in the figure show fits to power
laws with critical exponents 8 = 0.6 £ 0.1. The large
value of the critical exponent suggests a secondary char-
acter for the AFQ order in NpO, [24]. Note that the NMR
data were taken at H = 10 T, while the RXS data were
taken in zero field. Therefore, Fig. 4 also reveals that the
critical exponents, as well as the transition temperature, are
not measurably affected by an applied field, at least up to
H=10T.

In conclusion, 70O NMR has been successfully em-
ployed to probe the multipolar order parameters in the
ordered state of NpO,. We have used invariant forms for

multipolar-induced HF fields from the literature to inter-
pret the orientational dependence of 7O NMR shifts. In
this way, we have obtained clear evidence for the appear-
ance of FI-AFO as well as FI-AFM moments below T, =
26 K. From the analysis, the magnitude of the FI-AFM is
estimated to be ~0.07up/Np at H = 10 T, and the HF
field from the FI-AFO is to be a fifth part of that from the
FI-AFM. In the ordered state, we have also observed spin-
echo oscillations, which have been interpreted as axially
symmetric EFG tensors created by the AFQ ordering.
Using spin-echo oscillation frequencies, we have extracted
the temperature dependence of the AFQ order parameter,
which is in excellent agreement with the results from RXS
measurements. Although direct evidence for the primary
AFO order parameter has not succeeded yet, the present
NMR results provide definitive support for the proposed
longitudinal triple-g AFO-AFQ model for NpO,.
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