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Possible Magnetic Structure with a Tilted Helical Plane in SmBe13 Probed by
9Be-NMR Study

Hiroyuki Hidaka1 ∗, Yoshihiko Ihara1, Tatsuya Yanagisawa1, and Hiroshi Amitsuka1

1Graduate School of Science, Hokkaido University, Sapporo, Hokkaido 060-0810, Japan

9Be-NMR measurements were performed using single crystalline SmBe13 in order to investigate a magnetic structure
of a low-temperature ordering state microscopically. We observed a spectral broadening in the ordered state, and the
broadened spectral shape depends on the magnetic field directions. By comparing the experimentally obtained and
simulated NMR spectra for magnetic fields along the cubic [001] and [011] directions, we argue a helical structure
with a basal plane tilted from the (001) plane in low-field ordering region under the assumption of a helical with a
propagation vector of (0, 0, 1/3) found in other RBe13 compounds (R = rare earths). Such a tilted helical structure is
explained by a combination of an ellipse helical in the (001) plane and a longitudinal magnetic density wave along
the [001] direction. Considering a magnetic easy axis parallel to [001] revealed by the magnetization measurements,
the peculiar helical structure in SmBe13 may be built on delicate balance among exchange interactions, dipole-dipole
interaction, and single-ion magnetic anisotropy due to the crystalline electric field.

In magnetic materials, a competition among magnetic in-
teractions, such as an exchange interaction between magnetic
ions and the Zeeman interaction, leads to various types of
magnetic structures. Among them, a helical ordering has been
recently attracted much attention as a possible host magnetic
structure for the emergence of an exotic spin textures, such
as a magnetic skyrmion1–3) and a chiral soliton.4, 5) The he-
lical ordering can be classified into two types: a symmetric
helical attributed to the competition between the exchange in-
teractions, and a chiral helical attributed to the competition
between ferromagnetic and Dzyaloshinskii–Moriya (DM) in-
teractions. In addition to the above interactions, the introduc-
tion of the Zeeman interaction by external magnetic fields H
will induce a change in the magnetic structure, for instance
conical or skyrmion ones. To deepen our understanding of the
novel magnetic structures based on the helical ordering with
multiple competing interactions, we should investigate char-
acteristics of the helical state and its variation by magnetic
fields from a microscopic point of view.

The beryllides RBe13 (R = rare earths) are regarded as a
typical system for the symmetric helical ordering, because
of its rather simple crystal structure and well-localized 4 f
electronic state.6–8) These compounds crystallize in a NaZn13-
type face-centered-cubic structure with the space group Fm3̄c
(No. 226, O6

h),7) as shown in Fig. 1(a). The R ions, occupying
the 8a site with the site symmetry O, form a simple cubic.
In this crystal structure, the DM interaction is absent. It is
also known that many RBe13 compounds with R = Gd–Er
undergo a proper helical ordering formed by well-localized
4 f electrons of the R3+ ions, whose propagation vector Q
is commonly ∼ (0, 0, 1/3).9) This helical structure has been
explained by a competition between intralayer and interlayer
exchange interactions for a one-dimensional layer crystal.10)

However, the magnetic structures in the light-rare-earth RBe13
compounds, such as NdBe13 and SmBe13, have not been ex-
perimentally determined thus far, and it is unclear whether the
same model as for the heavy-rare-earth systems can be appli-
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Fig. 1. (Color online) (a) Crystal structure of RBe13 and (b) the H – T
phase diagram for H ∥ [001] in SmBe13 constructed in the previous study.11)

cable.
In the present study, we focus our attention on the mag-

netic structure of SmBe13, which shows a magnetic ordering
of the localized 4 f moments of Sm3+ ions at TM ∼ 8.3 K.11, 12)

The previous studies on polycrystalline samples suggested a
crystalline-electric-field (CEF) level scheme with a Γ7 dou-
blet ground state and a Γ8 quartet first-excited state (the Γ7–
Γ8 level scheme).6, 13) On the other hand, our recent studies
on single crystals revealed that the CEF level scheme is the
Γ8 quartet ground state and the Γ7 doublet first-excited state
with energy separation of 90 K (the Γ8–Γ7 level scheme).11, 14)

In addition, its magnetic field–temperature (H – T ) phase di-
agram for H ∥ [001] consists of three regions below TM, as
shown in Fig. 1(b).11, 14) To determine the magnetic structures
in these ordering regions microscopically, neutron scattering
is one of the most powerful methods, but there is a difficulty
that a 149Sm nucleus is a neutron absorber. Therefore, we
performed the nuclear magnetic resonance (NMR) measure-
ments on single crystalline sample in this study. From the ob-
tained results of 9Be-NMR spectra, we propose that the mag-
netic structure of SmBe13 is a helical with a tilted basal plane
rather than the proper helical. The magnetic structure of the
high-field region will also be discussed.

Single crystals of SmBe13 were grown by the Al-flux
method, as described in the previous report.11) The 9Be-
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Fig. 2. (Color online) The field-sweep 9Be-NMR spectra obtained at a
fixed frequency of 12.31 MHz. The magnetic field was applied along the
[001] direction. The NMR intensity once becomes weak near the magnetic
ordering temperature TM ∼ 8 K because of the critical fluctuations and re-
covers in the ordered state with significant spectral broadening. The three-
peaks structure above TM is explained by the electric quadrupole splitting
with highly anisotropic NMR shift.

NMR measurements were performed by conventional spin-
echo method using a single crystal assigned as sample 1 for
magnetic fields applied parallel to the [001] and [011] direc-
tions. The size of the sample 1 used for the NMR measure-
ments was ∼ 3 × 3 × 1 mm3. In the present crystal struc-
ture, Be occupies two crystallographically independent 8b site
[Be(I)] and 96i site [Be(II)]. The NMR spectrum mainly orig-
inates from the Be(II) sites because of a larger number of nu-
clei in the unit cell, Be(I): Be(II) = 1:12. The details of anal-
yses of the obtained spectrum are indicated in the Supple-
mental Materials (SM).15) The DC magnetization (M) mea-
surements were also performed for investigating the magnetic
anisotropy using sample 2 in magnetic fields up to 7 T by
a magnetic property measurement system (MPMS, Quantum
Design Inc.). The magnetic field was applied along the cubic
[001], [011], and [111] directions. The weight of the sample
2 used for the M measurements was ∼ 10 mg.

Figure 2 exhibits 9Be-NMR spectra of SmBe13 obtained be-
tween 1.8 and 10 K by sweeping the magnetic fields near 2 T
at a fixed frequency f0 = 12.31 MHz. The field direction is
parallel to the [001] axis. In the paramagnetic (PM) state at 9
and 10 K, the relatively sharp resonance peaks were observed
near the resonance magnetic field µ0H0 = f0/γ = 2.06 T.
Here, γ = 5.9833 MHz/T is the gyromagnetic ratio for 9Be
nuclear moment. Below TM ∼ 8 K, we observed a significant
spectrum broadening associated with the magnetic phase tran-
sition. In the H – T phase diagram constructed in the previous
bulk measurements,11) this magnetically ordered state corre-
sponds to the low-field one, named as region I. The broad
linewidth of 300 mT in region I completely covers the three-
peak structures separated by 30 mT constructed by the nuclear
electric quadrupole interaction (NQR splitting, see SM).15)

We, therefore, assume a simplified Gaussian broadening for
the spectrum analyses in the ordered state. The internal fields

Fig. 3. (Color online) The 9Be-NMR spectra in magnetic fields near 2 T
applied parallel to the (a) [001] and (b) [011] directions. The experimentally
obtained spectra at 1.8 K (fill color) are compared with the simulation for
three different helical structures (solid lines). We suggest that the tilted helical
with the (111) basal plane can explain the experimental results for both field
directions, namely a two-peak structure for [001] and a trapezoidal structure
for [011].

(a) (001) (b) (101) (c) (111)

[100]
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Fig. 4. (Color online) (a)-(c) Magnetic structures with three different heli-
cal planes for (001), (101), and (111), respectively. Here, the magnetic struc-
ture for (101) is shown instead of (011) for clarity.

at the Be(II) site are dominated by the isotropic transferred hy-
perfine coupling Aiso between neighboring two Sm moments,
which was determined from the slope in the K-χ plot.15) By
equally dividing the total Aiso to two Sm moments, we esti-
mated the coupling constant for one neighboring Sm moment
as 0.13 T/µB. The anisotropic part of the hyperfine coupling
constant was also estimated, and the obtained Aaniso = (0.07,
-0.05, 0.02) T/µB was ascribed to the dipole contribution.15)

In the region I, we measured 9Be-NMR spectra for two dif-
ferent magnetic field orientations. The spectra for H ∥ [001]
and for H ∥ [011] are shown in Figs. 3(a) and 3(b), respec-
tively. The horizontal axis of Fig. 3 is defined as Bint =

f0/γ − µ0H, which measures the internal fields at the Be sites
projected to the external field direction. We found a trape-
zoidal spectrum for H ∥ [011], while two peaks at both edges
were observed for H ∥ [001]. To explain these spectral shapes,
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we simulated the NMR spectra for several helical magnetic
structures. In the present analyses, we assume that the prop-
agation vector Q is fixed to (0, 0, 1/3), which has been com-
monly found in the RBe13 systems showing the helical order-
ing. In a cubic crystal structure, six magnetic propagation vec-
tors Q of (0, 0,±1/3), (0,±1/3, 0) and (±1/3, 0, 0) are equiva-
lent. Thus, to simulate the NMR spectrum, we assume that the
six domains are equally distributed. When the helical plane is
(001), the magnetic moments of Sm at a position ri are written
as

M(001) = M0 (cos(Q · r + ϕ0), sin(Q · r + ϕ0), 0) . (1)

Here, M0 and ϕ0 are the size of Sm magnetic moment (∼ 0.5
µB) and arbitrary initial phase, respectively. We also modeled
several other helical structures, which possess the same Q,
but tilted helical plane. In the case of helical plane parallel to
(011) [Fig. 4(b)] and (111) [Fig. 4(c)], the directions of Sm
moments are written as

M(011) = M0
(

cos(Q · r + ϕ0),

sin(Q · r + ϕ0)/
√

2,

sin(Q · r + ϕ0)/
√

2
)
.

(2)

M(111) = M0
(

cos(Q · r + ϕ0)/
√

2 + sin(Q · r + ϕ0)/
√

6,

− cos(Q · r + ϕ0)/
√

2 + sin(Q · r + ϕ0)/
√

6,

− 2 sin(Q · r + ϕ0)/
√

6
)
.

(3)

Here, we defined that the magnetic structures shown in Fig. 4
correspond to ϕ0 = 0, and we do not consider that the propa-
gation vector is parallel to the helical plane.

The internal fields at the Be(II) site between Sm sites i
and j are then estimated by the sum of the hyperfine fields
from neighboring Sm moments and dipole fields as Bint =

Aiso(Mi + M j) + Bdip. The hyperfine fields give the predomi-
nant contribution for the peak splitting of approximately ±100
mT and the dipole fields of less than 20 mT contribute to
the broadening of each peak. The shift in NMR spectrum is
caused by the internal-field component parallel to the external
field direction. To take into account the randomly distributed
domains, we calculated the internal fields along the six direc-
tions equivalent to cubic [001], and twelve directions equiv-
alent to [011]. By including all these internal-field contribu-
tions, the 9Be-NMR spectrum in the ordered state is simulated
as shown in Fig. 3. The two-peak spectrum for H ∥ [001] and
the trapezoidal spectrum for H ∥ [011] is the most consistently
explained by the (111) plane model with ϕ0 = 0, leading us to
suggest a helical structure with a tilted basal plane for region I.
The results of simulation for other ϕ0 are presented in SM.15)

The tilted helical structure suggested here for region I of
SmBe13 has not been found in other RBe13 compounds, which
show a proper helical ordering.9) Here, we discuss the mech-
anism for the novel helical structure in SmBe13. The he-
lical structure in RBe13 has been explained by a competi-
tion of the Heisenberg exchange interactions assuming a one-
dimensional layer crystal.10) Based on this explanation, the
mechanism of the proper helical ordering has been recently
revealed in GdBe13, which has no total-orbital momentum L
and thus no single-ion anisotropy.16) The propagation vec-
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Fig. 5. (Color online) Magnetization processes of SmBe13 at (a) 12 K and
(b) 2 K for H ∥ [001], [011], and [111].

tor Q is determined by the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction via anisotropic Fermi surfaces, and thus
we can reasonably assume that SmBe13 has the same Q be-
cause well-localized 4 f electrons yield similar Fermi surfaces
for all RBe13 systems. In contrast, the dipole–dipole interac-
tion between the 4 f moments orients the helical plane perpen-
dicular to the direction of Q in the isotropic GdBe13, which
contradicts to the tilted helical structure.

In addition to the interactions considered for GdBe13, the
single-ion anisotropy should be an important factor to con-
struct a magnetic structure for a compound containing the
R3+ ions with non-zero L. Therefore, to reveal the magnetic
anisotropy in SmBe13, we measured the M process at 12 and
2 K for three crystallographic axes of [001], [011], and [111],
and the results are shown in Figs. 5(a) and 5(b), respectively.
The results observed at 12 K indicate that the magnetiza-
tion easy axis is the cubic [001] direction in the PM state.
The easy axis determined experimentally is consistent with
a model calculation considering the Γ8–Γ7 level scheme.11)

Note that the CEF calculation considering the Γ7–Γ8 level
scheme proposed by Besnus et al.13) predicts that the mag-
netization easy axis is the [111] direction, which is inconsis-
tent with the present experimental results. Details of the CEF
calculations are shown in SM.15)

How can the tilted helical ordering occur in SmBe13? The
equation (3) indicates that the tilted helical structure with
(111) basal plane is composed of an elliptical helical in the
(001) plane and a longitudinal magnetic density wave along
the [001] direction. Since the single-ion anisotropy attributed
to the CEF effect aligns the magnetic moments along the
easy axis, the magnetic component in the [001] direction may
order, leading to the tilted helical structure in region I of
SmBe13. In addition, the hard axis parallel to the [111] di-
rection, predicted from the CEF calculation, may be a reason
for the (111) helical plane, which avoids the magnetic mo-
ments directed in the [111] direction. Thus, we argue that the
competition among the Heisenberg exchange interactions due
to the RKKY interaction dominates the formation of the he-
lical structure and its Q vector, and the single-ion anisotropy
and the dipole-dipole interaction determine the direction of
the magnetic moments, namely the orientation of the heli-
cal plane. It has been known that MnWO4 also exhibits sim-
ilar tilted helical structure, where the competition between
isotropic exchange interaction and single-ion anisotropy has
been suggested for its origin.17) In the case of SmBe13 with
the Γ8 ground state, we should also keep in mind that higher-
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Fig. 6. (Color online) (a) The 9Be-NMR spectrum at magnetic fields
around 5 T at 2 K, and (c) an up-up-down magnetic structure. The exter-
nal field direction is parallel to [001]. The solid line shown in (b) represents
the simulation result assuming the up-up-down structure.

order multipoles may be involved with the peculiar magnetic
structure.

On the basis of the second-order phase transition in the
Landau’s theory, the tilted helical structure proposed in the
present study cannot be described by a single irreducible rep-
resentation, and thus symmetry reductions at least two times,
including the transition at TM, are required. This considera-
tion suggests that multiple magnetic structures can appear in
the H – T phase diagram even at zero magnetic field. On the
other hand, one possibility for another magnetic structure is
that with different Q, which may also explain the observed
NMR spectra. In this case, we need to find out the reason why
only SmBe13 is the exception in the RBe13 family.

Finally, we comment on a magnetic structure in higher-field
region III of SmBe13. Figure 6(a) shows the 9Be-NMR spec-
tra for H ∥ [001] measured around 5.1 and 3.8 T (T = 2 K)
and 2.1 T (T = 1.8 K). The asymmetry of NMR spectrum
progressively increases at high fields with higher intensity at
larger internal fields, indicating that the magnetic structure in
region III differs from that in region I. The overall spectrum
width is not field dependent. A helical magnetic structure with
Q = (0, 0, 1/3) cannot explain the asymmetric spectrum struc-
ture, because every one third Sm moments are always antipar-
allel to each other, which results in a symmetric distribution of
internal fields. A small asymmetry that already exists at 2.1 T
may be interpreted that the Sm moments partly form a struc-
ture for region III even below the magnetic field where the
apparent kink appears in the magnetization curve as shown in
Fig. 5(b). We need to implement unbalance in up-down spin
population along the [001] direction, such as up-up-down ar-
rangement with Q = (0, 0, 2/3), as displayed in Fig. 6(c). The
internal fields for Q = (0, 0, 2/3) with tilted helical plane was
calculated and the obtained spectrum is shown in Fig. 6(b).
For this calculation, we take into account three magnetic do-
mains with positive Q components, assuming an alignment by
external fields. The spectral shape at 5.1 T is almost consis-
tent with the simulated spectrum with some difference at the

negative internal fields. We propose that the Sm moments are
not uniformly distributed in the helical plane in high fields.

This magnetic structure is also motivated by the M(H)
curve for [001] at 2 K, which becomes apparently larger than
that for [011] and [111] above ∼ 4 T [Fig. 5(b)], where the
ordered state changes from region I to III.11) The change in
the magnetic structure induced by H has also been reported in
HoBe13, and it has been pointed out that the appearance of the
high-field phase is provided by the single-ion anisotropy.18)

However, it is unclear whether the change in Q from (0, 0,
1/3) to (0, 0, 2/3) actually occurs in SmBe13, which may
be interpreted as a change in the relative strength of the ex-
change interactions by applying high magnetic field. It is nec-
essary to determine the magnetic structure of SmBe13 for each
magnetic region by other microscopic measurement methods,
such as neutron scattering with isotope substitution and reso-
nant X-ray scattering.

In summary, we performed 9Be-NMR measurements for
H ∥ [001] and [011] and M measurements for H ∥ [001],
[011], and [111] using single crystals to investigate magnetic
structures below TM in SmBe13. The observed NMR spectral
shapes in low-field region I cannot be explained by a proper
helical magnetic structure with Q = (0, 0, 1/3), but rather
suggests the possibility of a helical structure with a tilted
basal plane parallel to (111). This tilted helical structure can
be explained by a combination of an elliptical helical in the
(001) plane and a longitudinal magnetic density wave along
the [001] direction due to the single-ion magnetic anisotropy.
Clarifying why such a tilted helical ordering occurs only in
SmBe13 among the RBe13 family will help to deepen general
understanding of the role of magnetic anisotropy in the helical
ordering. In addition, we proposed an up-up-down type mag-
netic structure from the NMR spectrum in higher-field region
III.
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