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X-ray scattering and electrical resistivity measurements were performed on SmNiC2. Satellite peaks

characterized by an incommensurate wave vector (0.5, �, 0) appear below 148 K, at which the resistivity

shows an anomaly. The temperature dependence of thermal diffuse scattering above 148 K suggests

critical phonon softening. These results indicate the formation of a charge-density-wave. The satellite

peaks abruptly disappear and the resistivity sharply decreases when a ferromagnetic transition takes place

at 17.7 K.
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The charge-density-wave (CDW) transition originates
from electron-lattice interaction in low-dimensional metal-
lic systems [1]. The nesting of the Fermi surface leads to
electronic instability resulting in a charge density modula-
tion accompanied by a periodic lattice distortion charac-
terized by the wave vector 2kF, where kF is the Fermi wave
vector. A Kohn anomaly is formed in a phonon branch, and
critical phonon softening occurs. Many investigations have
been performed to understand the competition between the
CDW and superconductivity in various compounds. The
interrelationship between the CDW and magnetism is also
an interesting subject, because fascinating phenomena,
such as large magnetoresistance, can be expected to occur.
This interrelationship may be realized in low-dimensional
rare-earth metal compounds through the electron-lattice
interaction and the magnetic interaction between local
moments of 4f electrons mediated by conduction elec-
trons. Some rare-earth compounds exhibiting CDW tran-
sitions have been reported, and there is no evident coupling
between the CDW and the magnetic ordering [2–4].

Murase et al. [5] found that rare-earth intermetallic
compounds RNiC2 (R denotes a rare-earth-metal element),
which have an orthorhombic CeNiC2-type structure (space
group Amm2) [6–8], show anomalous temperature depen-
dences of electrical resistivity and lattice constants. They
suggested that these anomalies are attributed to CDW
transitions. However, no experimental evidence of the
CDW states has been obtained from x-ray and neutron
diffraction experiments. The R local moments order anti-
ferromagnetically in most of the RNiC2 compounds, and
SmNiC2 undergoes a first-order ferromagnetic transition at
TC ¼ 17:5 K [9–17].

Here, we report experimental evidence of the CDW
formation and its destruction in SmNiC2. The observation
of an incommensurate lattice modulation and its critical
fluctuation using x-ray diffraction and diffuse scattering
suggests that a CDW state is formed below 148 K.
Surprisingly, the CDW lattice modulation disappears be-

low TC, accompanied by a sharp decrease in the electrical
resistivity by a factor of 10. We propose that SmNiC2 is a
unique example of a system characterized by the interplay
between the CDW and the magnetic ordering.
The compound SmNiC2 was synthesized by the proce-

dure reported previously [10–12]. The obtained ingots
consisted of a large number of single-crystal grains.
Measurements of DC electrical resistivities along the a,
b, and c axes were performed by the standard four-probe
method using a closed-cycle refrigerator. Each sample was
cut so that most of the sample volume was a favorable
domain. The typical sample size was 0:8� 0:7�
4:2 mm3. X-ray diffraction and diffuse scattering measure-
ments were carried out using synchrotron radiation at
BL46XU of SPring-8. The x-ray energy was 18 keV. A
sample was prepared in the form of a plate with the surface
parallel to the (010) plane. The sample size was 1:8�
1:7� 0:5 mm3. The sample was attached on a cold finger
of a closed-cycle refrigerator. A four-axis diffractometer
was used, and intensity data were collected by a scintilla-
tion detector.
Figure 1 shows the temperature dependences of the

electrical resistivities �a, �b, and �c along the a, b, and
c axes, respectively. The resistivities are anisotropic (�c >
�b > �a) with �c=�a � 5:0 and �b=�a � 2:8 estimated at
290 K. The anisotropy is relatively low in comparison with
those of typical CDW systems, such as NbSe3 [18]. The
temperature dependences along the three axes are qualita-
tively similar to each other: sharp inflections at T1 ¼
148 K and local maxima at approximately 110 K can be
seen. These dependences agree with the result of a previous
measurement performed using a polycrystalline sample
[5]. The present measurements revealed sharp decreases
in the resistivities by a factor of 10 at the ferromagnetic
transition temperature. The inset of Fig. 1 shows the re-
sistivities below 30 K. The transition temperatures for
cooling and heating, as determined from the resistivity
data, are 17.6(1) and 17.8(1) K, respectively. No anomalies
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can be seen at 4.3 K, where small changes in the magne-
tizations along the three axes were observed [12]. Specific
heat measurements using the relaxation method showed no
anomaly at 4.3 K [19]. These results indicate that a phase
transition does not occur at 4.3 K.

The x-ray diffraction measurements using synchrotron
radiation revealed that satellite peaks at ðh; k; lÞ �
ð0:5;��; 0Þ with � � 0:52, characterized by a reduced
modulation wave vector q1 ¼ ð0:5; �; 0Þ, appear below
T1. We measured the temperature dependence of the sat-
ellite peak at (0.5, 6� �, 0). The profiles observed along
the b�-direction at several temperatures are shown in
Fig. 2(a). Higher harmonics were also observed. The tem-
perature dependences of the second-order (2q1) and third-
order (3q1) satellite peaks are shown in Figs. 2(b) and 2(a),
respectively. The q1 satellite peak appears below T1. As the
temperature decreases toward TC, the q1 satellite peak
increases in intensity while shifting its position. The ap-
pearance of the satellite peaks suggests that the sharp
inflection of the resistivity curve at T1 is due to the for-
mation of the CDW state leading to the opening of a partial
gap at the Fermi level. The satellite peaks characterized by
q1, 2q1, and 3q1 suddenly disappear below TC. We carried
out several scans along specific directions in the reciprocal
space below TC, and no satellite peaks were found [20].
The destruction of the CDW state is consistent with the
abrupt decrease in the resistivity at TC.

Well-defined diffuse scattering centered at q1 was found
to exist even at room temperature. Figure 3 shows typical
diffuse scattering profiles along the b�-direction at several
temperatures. The intensity increases with decreasing tem-
perature, and the diffuse scattering develops into the q1
satellite peak at T1. The increase in the diffuse scattering
intensity indicates that the phonon frequency ! decreases
as the temperature decreases toward T1, because the ther-

mal diffuse scattering intensity is approximately propor-
tional to !�2ðqÞ [21].
The temperature dependences of the intensities of the

satellite peaks are shown in Fig. 4(a). The integrated
intensity of the q1 satellite peak increases monotonically
with decreasing temperature and saturates below 80 K. The
diffuse scattering intensity at q1, shown in the inset of
Fig. 4(a), increases as the temperature decreases toward
T1. The intensities of the 2q1 and 3q1 satellite peaks
substantially increase at lower temperatures, suggesting
the squaring-up of the CDW lattice modulation. All the
satellite peaks abruptly vanish below TC. As shown in
Fig. 4(b), the value of � changes with temperature, and
no apparent lock-in behavior is observed. The temperature
dependence of the half width at half maximum (HWHM)
of the q1 satellite peak and diffuse scattering is shown in
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FIG. 2. Temperature dependences of a satellite peak and
higher harmonics along the b�-direction. (a) The satellite peak
characterized by q1 ¼ ð0:5; �; 0Þ appears below T1. A third-
order satellite peak, denoted by 3q1, can also be seen.
(b) Temperature dependence of second-order satellite peaks
characterized by 2q1, denoted by 2q�1 and 2qþ1 . All the peaks

disappear below TC.
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FIG. 3. Temperature dependence of the diffuse scattering pro-
files characterized by q1 along the b�-direction.
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FIG. 1 (color online). Temperature dependences of the electri-
cal resistivities �a, �b, and �c measured along the a, b, and c
axes, respectively. The inset shows the resistivities below 30 K.
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Fig. 4(c). The width decreases with decreasing tempera-
ture, and it is resolution limited below T1.

Figure 5 shows a contour plot of the diffuse scattering
intensity in the (0.5, K, L) plane measured at 160 K. The
diffuse scattering intensity distribution is spread along the
c�-direction. Diffuse scattering centered at (0.5, 5.5, 0.5)
and (0.5, 5.5, 1.5), characterized by qR ¼ ð0:5; 0:5; 0:5Þ,
exists as well as the more intense q1 diffuse scattering at
L ¼ 0, 1, and 2. The diffuse scattering profiles along the
b�-direction passing through ð�0:5, 3.5, 0.5) and (0.5, 5.5,

0.5) were measured at various temperatures. As shown in
Fig. 6(a), the diffuse scattering intensity increases as the
temperature decreases toward T1, suggesting that the pho-
non frequency at qR decreases as well as that at q1. In the
temperature range between T1 and TC, the diffuse scatter-
ing intensity does not show monotonic temperature depen-
dence. The diffuse scattering at qR also vanishes below TC.
As shown in Fig. 6(b), the width decreases monotonically
with decreasing temperature. The width does not, however,
reach the experimental resolution; the width at 20 K,
slightly above TC, is about 3 times larger than the experi-
mental resolution. A transition to a long-range CDW state
characterized by qR does not take place. This corresponds
to the lack of anomalies in the temperature dependences of
the resistivities.
The temperature dependence of the magnetic suscepti-

bility of SmNiC2 has been reported [12], and no anomaly
was found at T1. This can be explained by the fact that the
change in the Pauli paramagnetism is too small in com-
parison with the large moment contribution of the Sm ions.
Note that there is no anomalous effect of the CDW for-
mation on the magnetic properties at T1.
As shown in Fig. 1, the resistivity values below TC

appear to be smaller than those extrapolated from the
data above T1. A large modification of the band structure
is likely to occur when the first-order ferromagnetic tran-
sition takes place. This assumption is consistent with the
fact that not only the q1-CDW state but also the qR-CDW
fluctuation disappears below TC. Discontinuous changes in
the lattice constants at TC have been reported [5] and
confirmed in the present x-ray experiments. The magne-
toelastic coupling, which accounts for first-order magnetic
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FIG. 5 (color online). Contour plot of x-ray diffuse scattering
intensity distribution in the (0.5, K, L) plane measured at 160 K.
The scale of the K axis is enlarged in comparison with that of the
L axis for the sake of clarity.
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FIG. 6. Temperature dependences of (a) peak intensities and
(b) widths of the diffuse scattering centered at ð�0:5, 3.5, 0.5)
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lines are guides for the eye.
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FIG. 4. (a) Temperature dependences of the integrated inten-
sities of q1 and higher-order 2q1 (2q

�
1 and 2qþ1 ) and 3q1 satellite

peaks. The inset shows diffuse scattering intensity at q1.
Temperature dependences of the value of � and the half width
at half maximum (HWHM) of the q1 satellite peak and diffuse
scattering are shown in (b) and (c), respectively. The circles and
squares represent the results obtained by separate measurements.
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transitions accompanied by the lattice distortion, may con-
tribute to the changes in the lattice constants. The lattice
change due to the ferromagnetic ordering may modify the
electronic structure and affect the nesting condition of the
Fermi surface.

Some rare-earth compounds having CDW transitions
have been investigated, and no experimental evidence of
a relationship between the CDW and magnetic ordering
such as that observed in SmNiC2 has been reported. A
series of compounds R5Ir4Si10 [4] has properties similar to
those of SmNiC2: the magnetic species are only the R ions,
and the CDW transition temperatures are higher than the
magnetic transition temperatures. Galli et al. showed the
coexistence of the CDW and antiferromagnetic order in
Er5Ir4Si10 by observations of CDW reflections and mag-
netic superlattice reflections [3]. The magnetic transition of
this compound, in contrast to SmNiC2, is of second order
[3,22]. This implies that the origin of the first-order tran-
sition is indeed the key to understanding the destruction of
the CDW in SmNiC2. The RNiC2 compounds with R ¼
Nd, Gd, and Tb having antiferromagnetic orders [11–15]
show inflections of resistivity curves similar to those ob-
served at T1 in SmNiC2 [5]. Systematic studies of RNiC2

should provide a comprehensive understanding of the ef-
fects of various types of magnetic orders on CDW states.

In summary, x-ray diffraction experiments on SmNiC2

have revealed that satellite peaks characterized by q1 ¼
ð0:5; �; 0Þ appear below T1 ¼ 148 K and that they vanish
below TC ¼ 17:7 K. The temperature dependence of the
electrical resistivity shows a sharp inflection at T1 and an
abrupt change at TC. These results can be interpreted as the
formation and destruction of a CDW state. The tempera-
ture dependence of thermal diffuse scattering suggests
critical phonon softening leading to the CDW transition.
The compound SmNiC2 is a novel system characterized by
the interplay between the CDWand the magnetic ordering.
Experimental and theoretical studies that provide informa-
tion on the Fermi surface are necessary for understanding
the formation and destruction of the CDW in SmNiC2.
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Y. Hirano for their help in the x-ray diffraction experi-
ments. The synchrotron radiation experiments were per-
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tron Radiation Research Institute (JASRI) (Proposal
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